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1. De cadmium-concentratie in de bovengrondse delen van mais inteeltlijnen wordt niet 
zozeer door de totale cadmium-opname bepaald, maar door de interne verdeling van cadmium 
tussen wortel en spruit. 
Dit proefschrift 
Hinesly T D, Alexander D E, Ziegler E L en Barrett G L 1978 Zinc and cadmium 
accumulation by corn inbreds grown on sludge-amended soil. Agron. J. 70,425-428 
2. De wijze waarop Marschner (1983) de resultaten presenteert van John en Van 
Laerhoven (1976) over de genetische variabiliteit tussen sla variëteiten, doet onrecht aan de 
totale dataset van de genoemde auteurs en is niet in overeenstemming met hun interpretatie. 
Dit proefschrift 
Marschner H 1983 General introduction to the mineral nutrition of plants. In: 
Inorganic Plant Nutrition. Encyclopedia of Plant Physiology, New Ser., Vol. 15B. 
(Eds.) Lauchli A en Bieleski R L. pp. 5-60. Springer-Verlag, New York. 
John M K en Van Laerhoven C J 1976 Differential effects of cadmium on lettuce 
varieties. Environ. Pollut. 10,163-173. 
3. Onderzoek aan geïsoleerde vacuoles van wortelcellen moet uitsluitsel geven over de rol 
van deze organellen bij de verdeling van cadmium in de plant. 
Dit proefschrift 
Harmens H 1993 Physiology of zinc tolerance in Silene vulgaris. Doctoral thesis. 
Vrije Universiteit Amsterdam, 95pp. 
4. Vanuit practisch oogpunt verdient de studie van de variatie in cadmium-opname en -
verdeling in planten de voorkeur boven de studie van de variatie in cadmium tolerantie. 
5. De ontwikkeling en toepassing van cadmium-gevoelige fluorescerende kleurstoffen 
lijkt op dit moment de meest aangewezen weg om non-destructief de inter- en intracellulaire 
verdeling van dit element na expositie in een relevant concentratie traject te onderzoeken. 
Bush D S en Jones R L 1990 Measuring intracellular Ca2* levels in plant cells using 
the fluorescent probes, indo-1 andfura-2. Plant Physiol. 93,841-845. 
A < 
6. In tegenstelling tot wat algemeen wordt verondersteld, is niet de botanische tuin te 
Calcutta maar die te Djakarta de eerste Hortus Medicus in de Indische Archipel geweest. 
Florijn P J1985 Geschiedenis van de eerste hortus medicus in Indië. Tsch. Gesch. 
Gnk. Natuurw. Wisk. Techn. 8,209-221. 
7. Bij universitaire bezuinigingsoperaties is afstoting te prefereren boven afslanking. 
8. Het verdient aanbeveling om (project)-management verplicht in het AIO-opleidingsplan 
op te nemen. 
9. Het onderzoek naar de randversiering in Noordnederlandse middeleeuwse handschriften 
is van cruciaal belang bij het traceren van het tijdstip en/of de plaats van het ontstaan van 
deze werken. 
Korteweg A S (red.) 1992 Kriezels, aubergines en takkenbossen. Rand-
versiering in Noordnederlandse handschriften uit de vijftiende eeuw. 176 pp. 
Walburg Pers, Zutphen. 
10. Roken tijdens de zwangerschap heeft een zelfde implicatie als een baby een brandende 
sigaret tussen de lippen steken. 
(vrij naar Prof. Dr. P. Peters, RIVM) 
11. Muzak bederft de beleving van muziek. 
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Abstract 
Florijn, P.J., 1993. Differential distribution of Cd in lettuce (Lactuca sativa L.) and maize 
(Zea mays L.). Doctoral thesis, Wageningen Agricultural University, Wageningen, The 
Netherlands. 113 pages. 
Large genotypic variation in shoot Cd concentrations has been reported in literature for 
several plant species including lettuce (Lactuca sativa L.) and maize (Zea mays L.). The 
objective of this thesis was to elucidate the physiological and/or morphological basis of this 
differential behaviour using lettuce and maize as test plants. 
Lettuce varieties were grown on soil and on nutrient solution culture with or without Cd. 
In contrast to published data, the genotypic variation in Cd uptake and distribution was small. 
A close similarity in shoot Cd concentrations was obtained, ranging from 8.2 to 10.7 /ig Cd 
g"1 dry wt. for the soil experiment and from 4.0 to 8.4 ng Cd g"1 dry wt. in the water culture. 
The absorbed Cd was predominantly transported to the shoots. Cadmium had a similar 
translocation behaviour as calcium. Compared to N03-N, NH4-N nutrition significantly 
increased the Cd concentrations in shoots and roots at a constant pH of the solution. The Cd 
partitioning over the plant organs was independent of the form of N nutrition. 
The variation in shoot Cd concentrations among maize inbred lines was studied in 
experiments on soil and nutrient solution culture. The Cd concentrations in the shoots ranged 
from 0.9 to 9.9 |*g Cd g"1 dry wt. for plants grown on Cd-contaminated soil and from 2.5 
to 56.9 fig Cd g"1 dry wt. for the nutrient solution culture. This variation was mainly related 
to a differential shoot/root partitioning rather than to a differential total uptake. 'Shoot Cd 
excluders' retained the Cd taken up in the roots, whereas 'non-shoot Cd excluders' exhibited 
similar Cd concentrations in shoots and roots. This differential Cd distribution pattern 
persisted in a wide range of environmental conditions such as solution pH or level of Cd 
supply. Morphological parameters of shoots (e.g. specific leaf area or leaf area ratio) and 
roots (e.g. specific root length or specific surface area) were not related to the Cd 
partitioning. 
The amount of Cd adsorbed to the roots was about twice as high for 'shoot Cd 
excluders' compared to 'non-shoot Cd excluders'. The intracellular partitioning of Cd in 
roots over a 'soluble pool' and an 'insoluble pool' was different in representatives of the two 
groups of inbreds with similar total root Cd concentrations. Both the amounts of Cd present 
in the 'soluble pool' and the total amounts of acid-soluble thiol compounds were twice as 
high for the 'non-shoot Cd excluder' compared to the 'shoot Cd excluder'. Probably the 
soluble Cd is complexed to metal-binding peptides (phytochelatins) that form part of the acid-
soluble thiol compounds. Binding characteristics of Cd to internal structural root components 
were similar for the two groups of inbreds. 
It is suggested that the differential Cd distribution between roots and shoots of the maize 
inbreds is caused by the differential mobility of Cd in their roots, due to the higher amounts 
of soluble complexes of Cd and acid-soluble thiol compounds in 'non-shoot Cd excluders' 
compared to 'shoot Cd excluders'. 
Additional index words: cadmium distribution, genotype difference, Lactuca sativa L., 
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Cadmium (Cd) is a silver-white, divalent electropositive metal with an atomic weight 
of 112.41 and is a transition metal in Group lib of the periodic table. The element is classed 
as an environmental pollutant and belongs to a group of metals which is frequently referred 
to as 'heavy metals' in literature. The term 'heavy metal' relies on characteristics of the 
element such as specific gravity and relative elevation in the periodic table. Because of the 
extending knowledge of element behaviour in soils and organisms, a classification based on 
ligand-forming properties may be more significant (Phipps, 1981; Woolhouse, 1983). In this 
introduction, in which the mechanisms of detoxification and immobilization of Cd in plant 
roots are briefly reviewed, the designation 'trace element' is preferred for Cd. 
Geochemically, Cd is closely related to zinc (Zn) and is often found in association 
with this element in Zn ores. Its concentration in minerals is usually low. All plants contain 
detectable concentrations of this biologically non-essential element (Page et al., 1981). 
Enhancement of the Cd level in the soil originates from industrial and agricultural practices; 
Cd pollution has increased drastically in recent decades as a result of rising antropogenic 
activities. Combustion of fossil fuels, mining and smelting of non-ferrous elements, 
manufacture and disposal of pigments and stabilisers for plastics (Alloway, 1990; Yost, 
1984), but also the use of Cd-containing pesticides, sewage sludge and solid wastes or 
(phosphate) fertilizers contribute to the environmental pollution of Cd (Van Bruwaene et al., 
1984). Application of sewage sludge and Cd-containing fertilizers in agriculture enhance the 
Cd concentration in the top soil layer steadily (Chang et al., 1987). A critical evaluation of 
the crop species cultivated on these polluted areas is required, to avoid enhancement of the 
Cd load of the food chain. In this evaluation, both the uptake behaviour and the internal 
distribution from roots to shoots have to be taken into account. Although acute Cd toxicity 
caused by food consumption is rare, chronic exposure to Cd in food can significantly increase 
the accumulation of this trace element in body organs like kidneys and liver. Renal tubular 
dysfunction and consequently proteinuria is generally accepted as the main effect following 
long-term-low-level exposure to Cd, that may continue even after cessation of the exposure. 
Long-term renal tubular dysfunction may lead to abnormalities of calcium metabolism and 
osteomalacia (Hallenbeck, 1984). The Acceptable Daily Intake (ADI) standard given by the 
WHO/EPA for Cd uptake by humans is 70 jug/day. 
Food chain contamination from long-term accumulation of Cd in soil may become a 
serious threat to man. Transfer of Cd via farm animals to dairy products and meat for human 
consumption is thought to be minimal, in contrast to the intake of Cd by humans through 
staple food (Davis, 1984). Uptake of Cd by plant roots depends on the concentration and 
speciation of Cd in the soil solution and physical and chemical characteristics of the rooting 
substrate. Especially the pH (Boekhold, 1992), organic matter content (De Wit, 1992), and 
the level of other (complexing) compounds determine the bio-availability and mobility of Cd 
in the soil. 
Besides soil characteristics, the concentration of a trace element in the plant depends 
also on plant factors. Plant-induced alterations in the soil-root interface by either excretion 
of chelating agents (Morel et al., 1987) or as a consequence of the form of N nutrition 
(Dijkshoorn et al., 1983a, b; Eriksson, 1990) may have a considerable impact on 
solubilization and uptake of Cd. In many crops the Cd concentrations that are potentially 
harmful to man are usually higher than those that damage the crop itself. This phenomenon 
makes it difficult to select crops for human consumption based on the outward appearance. 
Differences in Cd concentration have been reported in plant species (Bingham et al., 1976; 
Haghiri, 1973; Jarvis et al., 1976; John, 1973; Kirkham, 1981; Page et al., 1972; Turner, 
1973) or varieties of a single species (Bogess et al., 1978; Chang et al., 1982; Crews and 
Davies, 1985; Cunningham et al., 1975; Harrison, 1986; Hinesly et al., 1978; Pettersson, 
1977). In many of these cases it is unclear whether the observed differences are due to a 
differential uptake or to a differential internal distribution. Therefore, besides proper pH 
adjustment and fertilization of Cd-containing soils, knowledge of uptake and/or internal 
distribution behaviour is essential in attempts to reduce Cd uptake by plants and/or its 
entrance in the consumable plant parts. Such studies are particularly fruitful as a tool in 
reducing the Cd load of the food chain. Knowledge of the physiological basis of these 
processes may be useful in breeding programmes for crop species to continue the cultivation 
of crops in moderately polluted/industrial areas. 
Several possible strategies can be envisaged in tolerance to trace elements that are 
harmful to plants. These strategies may be categorized to (1) avoidance (limited or selective 
uptake or limited radial transport in the root), (2) detoxification (either by subcellular 
compartmentation or by binding) and (3) biochemical tolerance (involvement of specialized 
metabolic pathways and enzyme adaptations) (Baker, 1989). Processes involved in these three 
categories are main subjects in (eco)toxicological studies. To study the specific mechanisms 
underlying the physiological expression of the genotypic variation in uptake and distribution 
of Cd in plants, knowledge and use of the results obtained in these (eco)toxicological studies 
is essential. 
Since plants may affect the uptake and distribution of Cd by a great variety of 
processes, a short outline of relevant literature is given in this introductory chapter. With 
regard to the experiments presented in this thesis, special attention is paid to the 
physiological basis of the differential Cd uptake and distribution within plant species. 
Possibilities of Cd uptake by plants: leaves or roots 
Contamination of plants by Cd may occur by foliar uptake and/or uptake by roots. The extent 
of foliar uptake depends upon plant factors like the nutritional status of the plant, the 
thickness of the leaf cuticle, the age of the leaf or the presence of stomatal guard cells 
(Kannan, 1980). There is no evidence that this type of Cd uptake plays an important role in 
the internal Cd distribution in plants, because translocation of the trace element in the phloem 
is less efficient compared to root uptake (Haghiri, 1973). However, application of Cd-
containing compounds e.g. fungicides on leaves of tobacco, tea or coffee may raise the Cd 
concentration of these harvestable plant parts particularly. 
Although foliar uptake may affect internal Cd concentrations, uptake by roots is 
generally far more important. Uptake by roots and internal transport of Cd in plants is 
determined by (1) the concentration and speciation of the trace element in the soil solution 
and the binding of Cd to the root cell walls, (2) the effects of Cd on structure and functioning 
of the plasma membrane and radial transport of Cd to the xylem vessels, (3) the loading of 
the xylem by Cd and the transfer of Cd in the xylem sap. 
Cadmium availability in the rhizosphere 
The availability of Cd in the soil solution depends particularly on the Cd level, pH, and the 
quantity and quality of organic matter of the soil. The Cd availability in the rhizosphere can 
be affected by the plant in different ways. For instance, changing the rhizosphere pH by 
plants as a consequence of a differential N03/NH4 uptake balance has been reported for 
several species (Dijkshoornet al., 1983a, b; Eriksson, 1990; Moritsugu et al., 1983; Wu et 
al., 1989). The presence of trace element-chelating compounds, like organic acids and amino 
acids, in root exudates or mucilages (Mench et al., 1988; Mench and Martin, 1991; Petersen 
and Bottger, 1991; Tyler et al., 1989) or complex formation with humic acids (Cabrera et 
al., 1988) affects the solubility and increases or reduces the activity of the ion. Although 
chelating compounds exist in the rhizosphere, their role in external detoxification has not 
been demonstrated unequivocally (Morel et al., 1983). Application of fertilizers increases the 
salt content of the soil, which in turn increases the solubility of Cd directly by displacement 
of exchangeable Cd-ions and also indirectly by displacement of exchangeable H-ions resulting 
in soil pH decrease (Ericksson, 1990). Symbiosis of mycorrhizal fungi and roots may have 
a considerable impact on Cd uptake and is possibly the major cause of the differential Cd 
uptake by infected vs. non-infected plants (Ernst et al., 1992). 
Cadmium association with root cell walls 
Metallic ions exposed to the roots may be effectively bound by carboxyl groups of 
the root cell walls. The relationship between the CEC of the roots and uptake of Cd is 
however not always clear. Nishizono et al. (1987, 1989) showed that a large proportion of 
the trace element concentration in fern roots may be bound to the cell walls. However, the 
Cd binding capacity of the root cell walls of ferns was similar when either grown on 
contaminated soils compared or on non-contaminated soils. Furthermore, histochemical 
localization in sulphide-fixed material revealed the presence of Cd in cell walls of bean roots 
treated with 89 fiM Cd (Lindsay and Lineberger, 1981), but in bean roots exposed to 0.5 pM 
Cd, Cd was mainly detected in vacuoles (Vâzguez et al., 1991). Cadmium deposits in root 
cell walls of Zea mays L. were reported by Khan et al. (1984), which was however disputed 
by Rauser and Ackerley (1987) and Vazquez et al. (1992). 
According to Ernst et al. (1992) the hypothesis of detoxification of the trace element 
by the root CEC can be questioned for several reasons. They can not easily imagine how an 
increase in binding capacity of the cell wall can reduce the free-ion activity near the 
plasmalemma surface. Although Cd may be primarily associated to the cell wall, the trace 
element concentrations in soil solution and cell wall matrix are at equilibrium. Ernst et al. 
(1992) have suggested that not the outer CEC of the cell wall is involved in Cd 
detoxification, but possibly enzymes associated to the cell wall inside the cell. In addition, 
the cation exchange sites may have a finite binding capacity and become saturated in time, 
except when synthesis of cell wall material in the meristematic regions provide new sites for 
element immobilization and long term protection against excessive Cd uptake. In 
metallophytes, the amount of the trace element bound to the cell wall is usually less than 
10% of the total cellular amount (Ernst et al., 1992), which may be indicative for the limited 
significance of this type of exclusion mechanism. Another problem in the model of cell wall 
detoxification of toxic trace elements is its inability to explain the specificity of trace element 
tolerance (Taylor, 1987). If the immobilization in the cell wall was solely an exchange 
process, then the tolerance of plants should obey to all sorts of trace elements, which is not 
the case. In conclusion, cell wall immobilization is clearly not a exclusive tolerance 
mechanism, but may be involved in differential uptake of trace elements. 
Uptake of Cd by roots 
Translocation of Cd in roots may occur in the symplast or via the apoplastic route, 
which includes intracellular spaces and cell walls (Gunning, 1976). Cadmium may be 
transported radially in the root via the apoplastic route but must enter the symplast at last at 
the endodermis, where the Casparian strips impede passive movement through the apoplast 
into the stele. Due to this endodermal barrier, cortex cells contain more Cd than the cells in 
the central vascular cylinder (Chino and Baba, 1981). Cadmium uptake at low external 
concentrations (below 0.5 fiM) appears to be under metabolic regulation (Cataldo et al., 
1983; Chekai et al., 1987; Homma and Hirata, 1984), with a passive component at higher 
concentrations (Cataldo et al., 1983; Cutler and Rains, 1974; Smeyers-Verbeke et al., 1978). 
The uptake of the Cd-ion is affected by other ions, especially divalent cations 
(Hagemeyer and Waisel, 1989). This may be due to competition for ion-stimulated ATPases 
at the common uptake sites of the root cell membranes (Hagemeyer and Waisel, 1989; 
Hardiman and Jacoby, 1984; Kennedy and Gonsalves, 1989; Tu et al., 1992). Differential 
uptake characteristics at the plasma membrane may thus be involved in Cd tolerance. For 
instance, increasing the Ca concentration of the solution results in lower uptake rates of Cd 
by plant roots (Fuhrer, 1983; Hagemeyer et al., 1986; Kawasaki and Moritsugu, 1987). Zinc 
(Zn) may have either a synergistic effect (Girling and Peterson, 1981) or a competitive 
(Cataldo et al., 1983) effect on Cd uptake, probably depending on the Zn/Cd ratio in the soil 
solution (Chaney, 1988). 
Plant species may have a differential sensitivity of the plasma membrane for damage 
by Cd. Furthermore, Cd may alter the physical structure and/or function of the plasma 
membrane causing membrane deterioration. The membrane deterioration depends on the 
duration of Cd exposure and on the presence of other ions such as Ca or divalent trace 
elements like Pb, Cu, and Hg in the bathing solution (Fuhrer, 1983; Kennedy and Gonsalves, 
1987). Changes in the composition of the membrane or membrane proteins may cause loss 
of the selective permeability of the plasma membrane, affecting nutrient uptake process and 
impairing the rate and selectivity of ion uptake. For example, displacement of Ca by Cd or 
direct interaction of Cd with the phospholipids of the membrane reduces the membrane 
permeability in an unspecific way (Cumming and Taylor, 1990). Binding of Cd to the 
sulphydryl groups of (metal-sensitive) enzymes in the plasma membrane has a direct effect 
on functioning of carriers and ATPases involved in ion uptake (Caldwell, 1989). Hendry et 
al. (1992) related the differential tolerance to Cd accumulation between a tolerant and a non-
tolerant clone of Holcus lanatus L. to membrane damage. The rate of lipid peroxidation of 
the membrane was caused by reactive oxygen species induced by Cd exposure. Finally, Cd-
Ca interaction at the plasma membrane may trigger secondary responses altering the 
physiological stage of the cell (Kauss, 1987). 
Intracellular complication of Cd in roots 
Cadmium absorbed by root cells may be detoxified and subsequently immobilized 
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and/or sequestrated. Detoxification and/or sequestration of the trace element in the root may 
allow the plant to grow without effects on metabolism. However, restriction of internal 
transport may cause enhanced root accumulation. In his study of trace element transport in 
lettuce, Berry (1986) has shown a pronounced increase in root tissue concentrations of the 
trace elements when the external concentration exceeded tolerable levels; a significant 
reduction in root dry matter yields occurred at still higher external concentrations of Cd. 
Cadmium present in a free form may bind easily to sulphydryl and phosphate groups 
of compounds active in plant metabolism (Van Assche and Clijsters, 1990). Therefore, in 
order to prevent metabolism from damage, Cd must be associated to cell structural 
components, complexed by metal-binding compounds, or stored in a non-metabolic 
compartment. According to Weigel and Jäger (1980) only traces of free Cd-ions can be 
detected in the cytoplasm. Fractionation studies with plant root tissue showed that more than 
half of the Cd occurred in a soluble organic fraction, the remainder being nearly equally 
distributed between the cell wall and organelle fractions (Cataldo et al., 1983; Dabin et al., 
1978; Wagner and Yeargan, 1986; Weigel and Jäger, 1980). In contrast, Vazquez et al., 
(1992b) showed that Cd was principally stored in the apoplast of the hyperaccumulator 
Thlaspi caerulescens and, to less extent, in the vacuoles. In studies with cell lines of tomato 
with differential tolerances, more than 80% of the Cd taken up was associated with soluble 
metal-binding (phytochelatins) complexes (Gupta and Goldsbrough, 1991). Soluble Cd-
containing complexes in the cytoplasm may also be involved in the transport of the element 
from root to shoot, as was concluded from enhanced internal transport of Cd after 
simultaneous uptake of Cd and EDTA by tomato plants (Wolterbeek et al., 1988). 
Intracellular chelators may be used to keep the availability of essential trace elements 
within certain limits. These chelators form also complexes with free Cd-ions. A great variety 
of such chelating compounds exists in plants, e.g. amino acids and their derivatives, citric 
and malic acid, and metal-binding polypeptides (Thurman and Rankin, 1982; Verkleij and 
Schat, 1989). Thurman and Rankin (1982) showed that Cd exposure of clones of 
Deschampsia caespitosa resulted in increased malate concentrations, but not of citrate in the 
roots. In roots, Cd may be stored in one of the cytoplasmic compartments as a complex with 
endogenous ligands, notably organic acids. Globular deposits of Cd were detected in both 
vacuole and cytoplasm of immature root cells of Agrostis gigantea (Rauser and Ackerley, 
1987), while Van Steveninck et al. (1990) reported sheet-like deposits of Cd and S in 
vacuoles of mature cells of Lemna minor. 
The vacuole is potentially the largest sink for sequestration of accumulated trace 
elements. This compartment contains high concentrations of organic ligands, like citrate, 
malate or phytate (i.e. inositol hexaphosphate) that may chelate trace elements in soluble or 
insoluble forms (Godbold et al., 1984; Kishinami and Widholm, 1986; Krotz et al., 1989). 
Computer calculations, based on data obtained in experiments with tobacco, showed that 
organic acids, but also chloride, sulfide, and phosphate can form complexes with Cd (Wang 
et al., 1992). Storage of Cd-salts of organic acids in the vacuole and association with the cell 
wall may be principal mechanisms for trace element accumulation in tobacco at low levels 
of exposure (Wagner and Krotz, 1989). A role of malate in the transfer of Zn to the vacuole 
followed by storage as an organic complex has been proposed by Mathys (1975) and Ernst 
(1975). 
Several authors, however, have questioned the exclusive role of organic acids as a 
cause of the differential detoxification of trace elements (Foy et al., 1978; Thurman, 1981). 
Therefore, the attention is nowadays focused on other metal-binding substances, especially 
the so-called phytochelatins. These metal-binding peptides (poly(7EC)nG, phytochelatins, PC) 
are of great interest in detoxification, sequestration and homeostasis of trace elements (Grill, 
1989; Rauser, 1990; Steffens, 1990). Their occurrence may be universal in the plant 
kingdom (Gekeler et al., 1989). Phytochelatins contain both sulphydryl and carboxyl groups 
that can chelate Cd. The soluble Cd-PC complexes may be present in the cytoplasm 
(Robinson and Thurman, 1986) or in the vacuole (Vögeli-Lange and Wagner, 1990). After 
exposure to trace elements, phytochelatins are synthesised from glutathione by the enzyme 
'phytochelatin synthase' (Grill et al., 1989), following the equation: 
[Glu(-Cys)]n-Gly + [Glu(-Cys)]„-Gly - > [Glu(-Cys)]n+rGly + [Glu(-Cys)]„.rGly , where 
n=l,2,3,.. 
In a short lag period high order peptides can be formed from the addition of dipeptides to 
the newly synthesised PQ molecules (Grill et al., 1987). The affinity of Cd for 
phytochelatins is more or less proportionally to n (Matsumoto et al., 1990). Phytochelatin 
synthesis ceases immediately after addition of EDTA or metal-free PC suggesting a feedback 
loop (Grilletal., 1989). 
Vögeli-Lange and Wagner (1990) have suggested that Cd is complexed by 
phytochelatins and carried into the vacuole by a shuttle mechanism. In their model the Cd-PC 
complex is one (perhaps an essential) component of the detoxification mechanism. In the 
vacuole, the complex dissociates and the trace element may form terminal complexes with 
organic acids in this compartment. They showed that the endogenous organic acid 
concentrations in the vacuole of Tobacco nicotiana were sufficient to complex Cd. Based 
upon this outline, Cumming and Tomsett (1992) extended the concept of Cd detoxification 
and immobilization in root cells and adapted the original model of Mathys (1975) and Ernst 
(1975) of trace element detoxification in the vacuole by malate (Fig. 1). The role of 
phytochelatins in differential tolerance to trace elements is uncertain (Schat and Kalff, 1992). 
Recently, the behaviour of phytochelatins as a trace element transporter has been questioned 
by Ernst et al. (1992). 
Xylem loading of Cd and basipetal transport 
The innermost limiting boundary of the symplasm is the plasma membrane of the xylem 
parenchyma cells. This membrane is thought to have a central function in loading and 
unloading of the xylem (Kochian, 1991). It is still unknown whether Cd transfer into the 
(dead) xylem vessels is passive or active (Bowling, 1981; Foy et al., 1978), mainly because 
of the technical difficulties encountered in studying membrane transport systems buried 
within the root. Once the Cd is unloaded into the xylem vessels, it is transported in the 
transpiration stream along with inorganic ions and organic solutes (Andersen and Brodbeck, 
1989; White et al., 1981 a, b). Cadmium is thought to be transported in the xylem mainly 
as a free ion (Hardiman and Jacoby, 1984; Petit and Van de Geijn, 1978; Wolterbeek, 1986). 
Transpiration, but also binding to the xylem CEC (Petit and Van de Geijn, 1978; 
Wolterbeek, 1986), lateral escape to xylem parenchyma cells (Van de Geijn and Petit, 1978), 
and the speciation of Cd in the xylem sap (Cataldo et al., 1981; Senden and Wolterbeek, 
1990) plays a significant role in the rate of translocation of this trace element to leaves and 
top of the plant. Although the net translocation is dependent on the transpiration, 
transpiration is believed to have no apparent effect on root Cd absorption (Hagemeyer et al., 
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Fig. 1. Model for metal tolerance via sequestration of metals within the vacuole. Metals entering the 
cytoplasm may initiate the production of metal-binding polypeptides (BP) (top) or may complex with 
endogenous organic acids (bottom) that shuttle the metals to the vacuole. The transported complexes 
dissociate once in the more acidic matrix of the vacuole, and terminal complexes are formed with 
other endogenous ligands (Cumming and Tomsett, 1992). 
old roots > rhizomes > stem leaf-stalks > stem leaf-blades > reproductive organs (Adriano, 
1986). 
Layout of this thesis 
The objective of this thesis was to elucidate the physiological and/or morphological basis of 
the genotypic variation in uptake and distribution of Cd in lettuce (Lactuca sativa L.) and 
maize (Zea mays L.). Lettuce, an economically important crop in the Netherlands, was 
shown to have a great genotypic variation in Cd concentrations in the shoots of different 
varieties (John and Van Laerhoven, 1976). Absorbed Cd by lettuce is predominantly 
transferred to the above-ground plant parts (Davies and White, 1981; Jarvis et al., 1976; 
John, 1973). Therefore, breeding and selection of varieties with a low translocation rate of 
Cd from roots to shoots is of particular interest for the cultivation of crop species in areas 
with diffuse Cd contamination. Large genotypic variation in the shoot Cd concentration 
within maize inbred lines was reported by Hinesly et al. (1978, 1982). 
In Chapter 2, the genotypic variation in Cd distribution in lettuce was investigated as 
an initial step towards detailed physiological investigations on Cd uptake and distribution. A 
selection of 16 commercially available lettuce varieties was grown on an in situ Cd-
contaminated sandy soil. Growth and Cd uptake are compared with those of plants grown on 
a sandy soil from a non-contaminated area. The genotypic variation in Cd uptake within 
lettuce varieties was very limited, in contrast to the results obtained by John and Van 
Laerhoven (1976). 
Further, it was studied to what extent the form of N nutrition can modify the uptake 
and distribution of Cd in lettuce varieties (Chapter 3). For that purpose, plants were grown 
in nutrient solution culture at constant pH and either N03 or NH4 nutrition. 
In Chapter 4, the genotypic variation in Cd uptake and distribution by 19 maize 
inbred lines is presented. In addition, it was investigated whether this variation persists in 
nutrient solution culture. The major part of the variation in shoot Cd concentration was due 
to a differential shoot/root concentration ratio, rather than to a differential whole-plant 
uptake. At the same time it was investigated whether variation in uptake and distribution is 
also detectable for zinc, that is commonly present in Cd-contaminated soils and chemically 
related to Cd. 
The aim of Chapter 5 was to assess whether external factors affect the uptake and 
distribution of Cd in maize. Maize inbred lines were grown on nutrient solution cultures at 
either different pH or level of Cd supply. Especially, the degree of consistency of the 
variation in Cd distribution was investigated. 
In Chapter 6, structural and physiological characteristics possibly related to the 
observed differences in Cd distribution within maize inbred lines were studied in nutrient 
solution culture. Morphological parameters of either shoot (specific leaf area, leaf area ratio) 
or root (specific root length, specific surface area, and average diameter), and xylem sap 
composition have been studied and related to shoot/root Cd partitioning. 
In Chapter 7, the question is addressed whether apparent differential mobility of Cd 
within roots of 2 maize inbreds, differing in their shoot/root Cd distribution behaviour can 
be proven with different extraction procedures. Further, it was investigated whether 
intracellular compartmentation of Cd could be related to a variation in induction of metal-
binding polypeptides (phytochelatins). 
In Chapter 8, the results reported in the previous chapters are integrated and 
discussed. 
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Chapter 2 
CADMIUM UPTAKE BY LETTUCE VARIETIES 
FLORIJN P J, NELEMANS J A and VAN BEUSICHEM M L 1991 Netherlands Journal of 
Agricultural Science 39,103-114 
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Cadmium uptake by lettuce varieties 
Key words: cadmium, Lactuca sativa L., soil cadmium, genotypic variation, water culture, 
lettuce 
Abstract 
The uptake of cadmium (Cd) by lettuce {Lactuca sativa L.) varieties was studied in a soil 
and water culture experiment. In the soil experiment, sandy soils from both a Cd-
contaminated and a non-contaminated area were used, whereas the water culture experiment 
included three Cd levels (0, 0.03 and 0.1 mg L"1). Fresh and dry yields of shoots and roots 
were hardly affected by Cd in both experiments. The lettuce varieties showed a close 
similarity in shoot Cd concentration, ranging from 8.23 to 10.72 /xg g"1 DW for the Cd-
contaminated soil and from 3.96 to 8.38 ^g g1 DW in the water culture at the highest Cd 
level tested. These results are contradictory to published data on large genotypic variation 
of Cd concentration in lettuce. Based on the narrow range in shoot (and root) Cd 
concentration among varieties, it is unwarranted to use lettuce as a pilot plant in comparative 
physiological investigations on Cd uptake and distribution. 
Introduction 
There is no clear division between elements which are toxic to plants and those which 
have a beneficial or even essential effect. Some elements are essential at low concentrations, 
but are toxic at high levels. Unlike these elements, Cd is always toxic to both plants and 
animals. No beneficial effects of Cd on plants or animals have been reported. 
Cadmium is readily taken up by plants from the soil and may accumulate to high levels 
before visual symptoms reveal its internal damage (Adriano, 1986). Accumulation in the 
edible parts of vegetables represent a direct pathway for incorporation into the human food 
chain. Subsequent intake by humans can cause a real danger for functioning of organs, such 
as kidney and liver (Bernard and Lauwerys, 1984). 
One possible way to reduce the amount of Cd entering the plant food chain will be the 
regulation of Cd bio-availability in soils. An alternative strategy will be the use and/or 
development of species which do not concentrate appreciable amounts of Cd or retain 
absorbed Cd predominantly in the roots. Screening tests will reveal intra-specific plant 
response to Cd and can be used as a basis for eventual breeding programmes. Genotypic 
variation in shoot Cd concentration has been reported to occur in several species, e.g. barley 
(Pettersson, 1977), carrot (Harrison, 1986), cucumber (Harrison and Staub, 1986), maize 
(Hinesly et al., 1978) and soybean (Bogess et al., 1978). Extensive screening research 
including many different varieties has been carried out with lettuce (Table 1). 
In order to evaluate the potential of the latter strategy, the uptake and distribution of 
cadmium by 16 commercially available lettuce varieties grown on an in situ Cd-contaminated 
sandy soil was assessed. Growth and Cd uptake were compared with that of plants grown on 
a sandy soil from a non-contaminated area. In another experiment we have tried to reproduce 
the variation in plant Cd concentration as reported by John and Van Laerhoven (1976) as an 
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initial step towards detailed physiological investigations on Cd uptake and distribution. 




















sewage sludge (municipal) 
sewage sludge (industrial) 
Reference 
John & van Laerhoven (1976) 
Crews & Davies (1985) 
Chaney & Feder (1980, réf. 1) 
Yuran& Harrison (1986) 
Yuran& Harrison (1986) 
Materials and methods 
Several lettuce varieties were screened on two different growth media, viz. soil and a 
quartz sand-solution culture. 
Soil experiment 
The in situ Cd-contaminated sandy soil was collected in the south-western part of the 
Netherlands (De Kempen) from an area contaminated in the past by a zinc smelter. The non-
contaminated sandy soil was taken from the surroundings of Wageningen. After drying, both 
soils were passed through a 2 mm sieve and analysed for several characteristics (Table 2). 
Soil moisture content was adjusted with a full-strength Hoagland solution at 50% of the 
maximum water-holding capacity in the Cd-contaminated soil and to 60% in the non-
contaminated soil, resulting in roughly comparable supply of water (and nutrients) to both 
soils. The pots were filled with 2.3 kg of moist soil, after covering the bottom with fine 
gravel. Another raising by 10% of the maximum water-holding capacity with the same 
nutrient solution was accomplished after filling the pots. The pots were then transferred to 
a greenhouse in which a minimum temperature of 15°C was maintained. As the experiment 
was carried out in the spring season, additional light was provided by HPL lamps. 





Organic C (%) 
Maximum water-holding capacity (ml kg"1 dry soil) 
Total N (jug g~' dry soil) 
















The experiment comprised 16 lettuce varieties and for each variety four replicates per 
soil were used. This collection can be considered as a representation of commercially 
available lettuce varieties in the Netherlands. The names of the varieties and the concomitant 
breeding station are: Jacky, Cindy and Wendy (Nickerson-Zwaan BV); Tannex and Ewex 
(Huizer Zaden BV); Benita and Mirena (Nunhems Zaden BV); Petra, Soraya and Reskia 
(Rijk Zwaan BV); Donatan and Pandorian (Pannevis Zaden BV); Clarion (Enza Zaden BV); 
Meikoningin, Esol and Suzan (not specified). 
About ten seeds per variety were sown in each pot. After germination the soil surface 
was covered with fine gravel to minimize evaporation. The moisture content was maintained 
throughout the experiment by daily weighing each pot, followed by adjustment with 
demineralized water. In the course of the experiment, plant number was reduced by several 
harvests to arrive at one plant per pot. Starting two weeks before final harvest, every other 
day 50 mL of a full-strength Hoagland solution was applied to each pot to support growth, 
until 300 mL was added. 
Plants were harvested after 65 days of growth. Leaf number, as an indication of plant 
development, and shoot fresh weight were determined immediately after harvest. The roots 
were separated from the soil by prolonged and careful washing until adhering soil particles 
had been removed completely. Root fresh weight was then determined after gentle drying 
between kleenex tissues. Shoot and root material was dried at 70 °C for at least 24 h and 
reweighed. Prior to analysis the samples were ground using a stainless steel grinder. Because 
of similar patterns observed in all harvests with respect to both growth and Cd uptake, only 
data of the final harvest are presented. 
Water culture experiment 
The water culture experiment was arranged in detail according to John and Van 
Laerhoven (1976). Five head lettuce varieties (Imperial 847, Pennlake, Hanson, Great Lakes 
659, and PI 176587), two leaf lettuce varieties (Early Prize Head and Salad Bowl) and a cos 
lettuce variety (White Paris) were used in our experiment. With one exception (PI 176587) 
these varieties were also used by John and Van Laerhoven (1976). 
Of each variety, four seeds were sown in a 0.4-L PVC cylinder, which was filled with 
a mixture of quartz sand and a basal nutrient solution and stopped with a removable bottom. 
The composition of the basal nutrient solution is given in Table 3. For each variety, nine 
cylinders were used. Plants were grown in a growth chamber at 20/15 °C day (16 h)/night 
(8 h), dewing point 16.5/11.9 °C and light intensity 125 W m"2 (HPL). After germination the 
surface was covered with fine gravel to minimize evaporation. After 14 days plant numbers 
were reduced to one per cylinder. At 28 days after sowing, the bottom was removed from 
each cylinder and placed on the surface of a 0.7-L cylinder filled with the same sand-solution 
mixture. The whole setup was placed inside a 4.5-L polyethylene pot (Figure 1). Basal 
nutrient solution, containing 0, 0.03 or 0.1 mg Cd L1 (from CdCl2), was added one cm 
above the rim of the 0.7-L cylinder. Each treatment consisted of three replicates for each 
variety. Solutions were renewed weekly and solution levels were maintained by daily 
adjustment with demineralized water. Compressed air was used to aerate the nutrient 
solutions. 
Plants were harvested after 21 days of Cd exposure. Shoot fresh weight and leaf number 
were determined immediately after harvest. Roots were soaked for one minute in 
demineralized water, carefully dried between kleenex tissues and then weighed. Shoot and 
root dry weight was determined after drying for at least 24 h at 70 °C. Prior to analysis, 
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roots were ground in a mortar with pestle and shoots in a stainless steel grinder. 




































Chemical tissue analysis 
Analytical procedures were carried out according to procedures in use at the Department 
of Soil Science and Plant Nutrition (Walinga et al., 1989). Dry shoot and root samples (2 g) 
were digested in 20 mL of a HN03/HC104/H2S04 mixture with carborundum beads. After 
predigestion overnight at room temperature, the solution was moderately heated to about 170 
°C for at least 40 minutes until most of the nitric acid had distilled off. The temperature was 
then raised stepwise until the HC104 attacked the remaining organic matter. After the digest 
had turned colourless, the digestion was continued for 1 h more. About 20 mL of 
demineralized water was added to the cooled solution and boiled for 10 minutes. The 
resulting solution was then diluted to standard volume, filtered and analysed for Cd by 
atomic absorption spectrometry using an air-acetylene flame and a hollow cathode lamp. The 
absorption was determined at 228.8 nm with Smith-Hieftje background correction (Van der 
Lee et al., 1987). 
For all other elements (N, P, K, Ca, and Mg), 0.3 g dry plant material was digested in 
a glass tube with 2.5 mL of a H2S04/salicylic acid/selenium mixture. After incubation for 
two hours at room temperature the mixture was heated for at least 2 h at 100 °C. After 
cooling, three times 2 mL 30% H202 was successively added. The tubes were heated again 
at 330 °C until the digest had turned colourless. Finally, 48.3 mL of demineralized water was 
added to the cooled digest and thoroughly shaken. This solution was allowed to stand 
overnight. Nitrogen and phosphorus were determined by automatized colorimetric methods, 













Fig. 1. Schematic section of the equipment. 
Results and Discussion 
Soil experiment 
Fresh and dry matter yields of 16 lettuce varieties grown for 65 days on an in situ Cd-
contaminated sandy soil as compared with plants grown on a sandy soil from a non-
contaminated area, are given in Table 4. Although all plants were fully developed with an 
average leaf number of 34, fresh yields were far less than crops commonly sold in the 
market. Fresh and dry weight of shoots and roots of plants grown on the same soil showed 
little variation. The tendency towards a higher fresh yield by a lower dry yield of plants 
grown on the Cd-contaminated soil as compared to plants grown on the non-contaminated soil 
may be attributed to different soil characteristics. 
In Table 5, Cd concentration in shoots and roots and the shoot/root Cd distribution ratio 
of the 16 varieties are presented. As expected the plants grown on the contaminated soil had 
a much higher shoot and root Cd concentration than those grown on the control soil. Shoot 
Cd concentration ranged from 0.52 to 1.20 /j,g g1 DW for the control plants and from 8.23 
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to 10.72 /ig g1 DW for the Cd-treated plants. Expressed on the basis of Cd amounts per 
organ, there was a huge difference in shoot/root Cd distribution in plants from both soils. 
Among varieties grown on the same soil the variation in the distribution ratio was small. The 
mean Cd distribution ratio for all varieties tested may provide a rough indication of the 
relative Cd translocation in lettuce plants grown on both soils. In the control plants about 
95% of the absorbed Cd was transported to the shoot, whereas in the Cd-treated plants this 
was about 78%. 
Water culture experiment 
Fresh and dry shoot yields and dry shoot/root ratios of 8 lettuce varieties grown on a 
sand/solution culture at increasing Cd concentrations are presented in Table 6. Fresh yields 
of the different varieties were higher than in the soil experiment, but still lower than 
marketable material. Within each treatment, fresh weight among varieties was comparable, 
whereas increased external Cd concentrations had no effect on fresh yields within each 
variety. The same pattern was found for shoot dry yields (Table 6). Percentage dry matter 
in shoot material was thus maintained between narrow limits (7.7 to 8.1 %) irrespective of 
the level of Cd supply. Root dry weights (data not shown) showed the same picture as shoot 
dry weights, resulting in roughly the same shoot/root ratio for all treatments (Table 6). 
Consequently, growth reduction or stimulation after Cd exposure as found by others (Page 
et al., 1972; Turner, 1973) was not confirmed in the present experiment. 
Shoot and root Cd concentrations in the 8 lettuce varieties are given in Table 7. Both 
organs showed a clear increase in Cd concentration as a response to a higher Cd level in 
solution. In all treatments the Cd concentration in both shoots and roots differed slightly 
among varieties. This difference can be visualized as the ratio between the highest and lowest 
Cd concentration in any particular variety. This ratio was for both shoot and root about 1.6 
at the 0.03 mg L"1 and 2.0 at the 0.1 mg L1 Cd level. This is in the same order as found in 
our soil experiment (1.3 and 2.2 for shoot and root, respectively) and also in accordance with 
values reported by other authors (Crews and Davies, 1985; Chaney and Feder, in 
Anonymous ,1980). The varieties with the highest and lowest Cd concentration in any plant 
part are different within treatments, although not always significant. According to Yuran and 
Harrison (1986), such relative concentration differences also occur in year-to-year 
experiments. This is surprising in view of the genetic background in Cd concentration by 
lettuce (Thomas and Harrison, 1989). In conclusion, it is unwarranted to use lettuce in 
physiological research concerning genotypic variation, because of the narrow range in Cd 
uptake among varieties and the inconsistency of this relative concentration in time. 
As already mentioned, the ratio between highest and lowest shoot Cd concentration in 
plants grown at the 0.1 mg L1 Cd level is about 2 (3.96 to 8.38 ng g"1 DW). This is much 
lower than the 66.5 (0.4 to 26.6 /xg g ' DW) that was found by John and Van Laerhoven 
(1976). This discrepancy is noteworthy in view of the identical experimental conditions and 
exactly the same setup. Moreover, John and Van Laerhoven (1976) have reported that in 
several varieties a high shoot Cd concentration after three weeks of Cd (0.1 mg Lr1) exposure 
(viz. 2.5, 4.6 or 22.6 ng g"1 DW) had decreased to a background level (0.4 fig g1 DW) in 
the subsequent two weeks, although the plants were grown at the same Cd concentration. 
Mere dilution effects are far from sufficient to explain such a drastic decrease. Our root Cd 
data at the 0.1 mg L1 Cd level seem also not in accordance with John and Van Laerhoven 
(1976). After three weeks of exposure to Cd, we found considerable Cd concentrations in 
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Table 4. Fresh and dry yields (g/plant; n = 4) of 16 lettuce varieties grown for 65 days on an in situ 









































































































































































 Within blocks (fresh shoot, fresh root, dry shoot, dry root), values followed by the same letter are not 
significantly different at the 5 % level according to Duncan's New Multiple Range Test (DNMRT). 
Table 5. Cadmium concentration (ug g'1 DW; n = 4) in shoots and roots and Cd distribution ratio of 16 
lettuce varieties grown for 65 days on an in situ Cd-contaminated sandy soil as compared with plants 

































































































































' Cadmium distribution ratio: shoot/root Cd amount. 
2
 Within blocks (shoot,root), values followed by the same letter are not significantly different at the 5 % 
level (DNMRT). 
3
 Not detectable. 25 
Table 6. Fresh and dry yields (g/plant; n = 3) and dry shoot/root ratios of 8 lettuce varieties grown for 
42 days on a sand/solution culture at 3 Cd concentrations (mg H ) in solution. Cadmium was applied 21 





Great Lakes 659 
PI 176587 
Early Prize Head 
Salad Bowl 
White Paris cos 
All varieties mean 
Shoot fresh yield 































Shoot dry yield 

































































 Within blocks (shoot fresh yield, shoot dry yield), values followed by the same letter are not signifi-
cantly different at the 5 % level (DNMRT). 
Table 7. Cadmium concentration (jug g~l DW; n = 3) in shoots and roots of 8 lettuce varieties grown for 
42 days on a sand/solution culture at 3 Cd concentrations (mg T') in solution. Cadmium was applied 21 





Great Lakes 659 
PI 176587 
Early Prize Head 
Salad Bowl 
White Paris cos 
All varieties mean 
Shoot Cd 
































































 Within blocks (shoot Cd, root Cd), values followed by the same letter are not significantly different at 
the 5 % level (DNMRT). 
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all lettuce roots. The absence of Cd in roots after five weeks of Cd (0.1 mg Lr1) exposure, 
as reported by John and Van Laerhoven (1976), is very unlikely and gives rise to major 
controversy. Textbook material based on these data (Marschner, 1983) should therefore at 
least be re-evaluated. 
The shoot/root Cd concentration ratios and shoot/root Cd distribution ratios of the 8 
lettuce varieties are given in Table 8. The shoot Cd concentration in each variety was lower 
than the root Cd concentration, as shown by Cd concentration ratios being < 1. The order 
of the Cd distribution ratios is in agreement with those presented in the soil experiment. 
When ratios are expressed in terms of distribution over plant organs, it is clearly revealed 
that each variety translocated the absorbed Cd predominantly to the shoot (Table 8). Similar 
distribution patterns have been reported by others (John, 1973; Jarvis et al., 1976; Hatch et 
al., 1988). 
Table 9 gives an overview of the shoot and root concentrations of N, P, K, Ca, and Mg 
in all varieties at the three Cd levels in solution. Cadmium did not affect the concentrations 
of these nutrients in both plant organs. It may thus be concluded that the uptake mechanisms 
for these nutrients are not affected by relatively high Cd concentrations in solution. 
Table 8. Shoot/root Cd concentration and distribution ratios of 8 lettuce varieties grown for 42 days on 
a sand/solution culture at 3 Cd concentrations (mg l"1) in solution. Cadmium was applied 21 days before 
harvest. 
Variety Concentration ratio 
solution Cd cone. 
0.0 0.03 0.1 
Distribution ratio 
solution Cd cone. 




Great Lakes 659 
PI 176587 
Early Prize Head 
Salad Bowl 
White Paris cos 
























































 Cadmium concentration ratio: shoot/root Cd concentration. 
2
 Cadmium distribution ratio: shoot/root Cd amount. 
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Table 9. Mean concentration (mmol kg'1 DW) and standard deviation (in brackets) of nitrogen (N), 
phosphorus (P), potassium (K), calcium (Ca) and magnesium (Mg) in shoots and roots of all varieties 
grown for 42 days on a sand/solution culture at 3 Cd concentrations in solution. Cadmium was applied 21 
days before harvest. 
Treatment 

























































Cadmium hardly influenced fresh and dry yields of shoots and roots of lettuce grown on 
Cd-contaminated soil or water culture. The Cd concentration in both plant organs increased 
considerably in all varieties tested as a consequence of increased level of external Cd supply. 
In both soil and water culture experiments, lettuce translocated the absorbed Cd 
predominantly to the shoot. 
A narrow range in genotypic variation among all varieties was observed in both 
experiments. The huge variation in shoot Cd concentration at 0.1 mg Cd L1 in solution as 
reported by John and Van Laerhoven (1976) is contradictory to our results and should for 
several reasons be re-evaluated. 
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Chapter 3 
THE INFLUENCE OF THE FORM OF NITROGEN 
NUTRITION ON UPTAKE AND DISTRIBUTION OF 
CADMIUM IN LETTUCE VARIETIES 
FLORIJN P J, NELEMANS J A and VAN BEUSICHEM M L 1992 Journal of Plant 
Nutrition 15,2405-2416 
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The influence of the form of nitrogen nutrition on uptake and distribution 
of cadmium in lettuce varieties 
Abstract 
Four lettuce (Lactuca sativa L.) varieties ('Benita', 'Wendy', 'Mirena', and 'Jacky') 
were grown for 43 days in a pH-controlled complete nutrient solution without cadmium (Cd) 
or with either 0.01 or 0.03 mg Cd L"1 and with NH4 or N03 as the form of nitrogen nutrition. 
Cadmium did not affect dry matter yield. 'Wendy' had a significantly higher total dry matter 
production when grown on N03 compared to NH4, whereas growth of 'Mirena' was best on 
NH4 (P<0.05). Dry weights of 'Benita' and 'Jacky' were not affected by the N source. 
Cadmium concentrations in shoots (and roots) of plants grown on NFL, were significantly 
higher than in plants grown on N03. The Zn concentrations in the shoots were also enhanced. 
The distribution of Cd in the lettuce varieties was independent of the form of N nutrition. It 
is concluded that the N source directly affects the amount of Cd taken up, without influencing 
the Cd distribution. 
Introduction 
Cadmium (Cd) is naturally present in all compartments of the environment. However, 
the increasing use of Cd in many industrial processes has increased the level of its occurrence 
in water, soil and atmosphere. After uptake by plants, either through leaves or roots, Cd can 
enter the human food chain. Subsequent human consumption of Cd can lead to serious 
disturbance of metabolic processes in several different organs (1). 
The form of N nutrition plays a dominant role in the uptake of other nutrients and in 
the resulting cation/anion uptake balance (10). Plants grown on NH4 as the sole source of N 
have lower cation concentrations compared to plants grown on N03 (3, 19). In particular, the 
concentration of K in NH4-fed plants is reduced (3), but the concentrations of other 
macronutrients like Ca and Mg are also lower (9, 10). Concentrations of micronutrients such 
as Zn and Mn (16) are also lower in plants grown on NH4 compared to N03. In terms of 
whole-plant uptake, absorption of K, Ca, and Mg is lower in NH4-grown plants, even in 
species which have roughly the same dry matter production when given either form of N 
nutrition (9, 10). The influence of the form of N nutrition on Cd uptake by plants grown in 
nutrient solution has not so far been investigated. 
The pH of the solution may affect cation and anion uptake. A higher solution pH may 
stimulate cation uptake and/or reduce anion uptake (18). Both macro- and micronutrients are 
affected in this respect (10). Hatch et al. (11) showed that the Cd concentrations in shoots and 
roots of lettuce, cocksfoot, perennial ryegrass, and watercress were markedly higher at high 
solution pH. In soil, the relationship between pH and Cd uptake is more complicated because 
the bio-availability of Cd is pH dependent. Raising the pH of the soil, e.g., by liming, 
decreases the concentration of Cd in the soil solution and consequently its uptake by plants 
(5, 14, 17). Since the form of N nutrition may affect rhizosphere pH via the cation/anion 
uptake balance and related H+/OH" efflux (19), it may have an important influence on the bio-
availability of Cd and on its uptake by plants (6, 7, 21). 
Lettuce, an economically important crop, is able to absorb considerable amounts of Cd 
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from Cd-contaminated rooting media (15, 22). The greatest part of the Cd taken up is 
transported to the shoot (8, 11). Only small differences in Cd uptake among varieties have 
been reported (4, 8, 22). 
The aim of the present experiment was to assess the influence of the form of N nutrition 
on the uptake and distribution of Cd by lettuce grown in nutrient solution at constant pH. 
Preliminary investigations had shown different growth responses of lettuce varieties to NH4 
or N03 nutrition. Therefore, four lettuce varieties were included in the present study. 
Materials and methods 
Experimental conditions 
The experiment was conducted in a growth chamber at 20/15 °C day (16 h)/night (8 h), 
dew point 16.5/11.9 °C and light intensity 125 W iff2 (Philips HPL comfort). Seeds of four 
lettuce varieties ('Benita', 'Wendy', 'Mirena' and 'Jacky') were germinated in moist quartz 
sand. After seven days, seedlings were transferred to six 50-L containers. Initially, there were 
18 plants of 'Benita' and 'Wendy' and 12 plants of 'Mirena' and 'Jacky' in each container. 
Plants were grown on aerated complete nutrient solutions with NH4 or N03 as the form of 
N nutrition (Table 1). The variable ion was sulphate, which has little effect on the uptake of 
other ions. Iron as FeS04 was added daily to each container to give a calculated concentration 
of 10 yiM. Iron sulphate instead of Fe-EDTA was used because EDTA may form complexes 
with Cd, with concomitant effects on Cd uptake (20). Solution pH was maintained at 5.50 ± 
0.10 by automatic supply of acid (0.05 M H2S04) or alkali (0.10 M NaOH). There were three 
replicate containers for each nitrogen treatment. Nutrient solutions were renewed weekly. At 
the second renewal (13 days after transfer) plant numbers in each container were reduced to 
Table 1. Chemical composition of the basal nutrient solutions (mMol L1). 























Trace Elements (mg L1): B 0.5; Mn 0.5; Zn 0.05; Cu 0.02; and Mo 0.01. 
nine plants for 'Benita' and 'Wendy' and four plants for 'Mirena' and 'Jacky' (first harvest). 
At this time Cd (0.01 and 0.03 mg L1 as CdCl2) was added to two of the replicate tanks, 
giving a control and two Cd treatments. Cd was added at each of the following solution 
renewals. At the time when the plants were supplied with Cd, their Cd content was 
negligible. After 14 days of Cd exposure the number of plants per container was further 
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reduced to three for 'Benita' and 'Wendy' and two for 'Mirena' and 'Jacky' (second harvest). 
Plants were grown for another 16 days until final harvest. Total leaf number was determined 
immediately after final harvest. Shoots were divided into stems and leaves. The leaves of each 
plant were separated on a 50/50 (n/n) basis into two samples designated "old" and "young". 
Roots were rinsed for one minute in demineralized water to remove ions from the free space 
and carefully blotted between tissues. Dry weights of roots and shoots were determined for 
each harvest, after drying for at least 24 h at 70 °C. Prior to analysis, leaves were ground in 
a stainless steel grinder. Roots and stems were ground using a pestle and mortar. 
Chemical tissue analysis 
Concentrations of Cd, Zn, K, and Ca in the various plant parts were determined as 
described previously (8). 
Results and Discussion 
Visual examination of the fully developed Cd-supplied plants showed no toxicity 
symptoms on the leaves and root morphology was not affected either. After 43 days of 
growth, plants grown on N03 had a leaf number of 26±2, whereas NH4-fedplantshad22±3 
leaves. Application of Cd had no effect on leaf number. 
Total dry matter production 
Cadmium did not significantly affect total dry matter production of the varieties 
(ANOVA). The overall influence of the N form on whole-plant dry matter production of the 
four lettuce varieties is shown in Figure 1. Dry weights of 'Benita' and 'Jacky' were not 
affected by the form of N. 'Wendy' had a significantly higher yield when grown on N03 
compared to NH4, whereas growth of 'Mirena' was best on NH4 (P<0.05, ANOVA). 
Cd concentrations in shoots and roots 
The Cd concentrations in the control plants were negligible (shoots: <0.1 jug g1 DW; 
roots: <0.7 jug g"1 DW). The Cd concentrations in shoots and roots of the four lettuce 
varieties for both Cd treatments are given in Table 2. Plants grown on NH4 had a higher Cd 
concentration in both shoots and roots than N03-grown plants. This is in contrast to the well-
known lower cation concentrations in shoots of NH4-grown plants compared to N03 nutrition. 
No significant differences in shoot Cd concentration between varieties were recognized 
(ANOVA, Split Plot design). Shoot Cd concentrations of NH4- and N03-grown plants (Y) 
were highly correlated with the Cd concentrations in solution (X): 
N03 : Y= 778.6 X+0.11 (^=0.996) 
NH4: Y=1166.6X+0.02 (^=0.998) 
The slopes of the equations were significantly different according to the Wilcoxon Signed 
Rank Test (a =0.05). A linear relationship between Cd concentrations in plant tissue and 
media has been reported earlier for both soil and water culture experiments (2, 13). 
Calculation of the Cd uptake showed that 60-80 % of the total Cd added was taken up 
by the plants. At final harvest the Cd concentrations in plants grown on N03 with 0.03 mg 
Cd L1 were always lower compared to NH4 (Table 2), whereas dry yields of plants were 
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Fig. 1. The influence of the form of N nutrition on whole-plant dry matter production 
(g/plant) of four lettuce varieties, grown for 43 days on nutrient solution. Bars represent the 
95% confidence level. (— N03 nutrition; -.- NH4 nutrition). 
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was more Cd available for uptake. Hatch et al. (11) have shown that a lower pH of the 
nutrient solution resulted in decreased Cd uptake by lettuce. In our experiment the solution 
pH was kept constant, which excludes possible rhizosphere pH effects. However, NH4-grown 
plants still had higher Cd concentrations compared to plants grown on N03 (Table 2). From 
these observations, we conclude that the form of N nutrition has a direct effect on Cd uptake 
by lettuce roots. 
Table 2. The influence of the form of N nutrition on the Cd concentrations (/*g g"1 DW; «=2 or 3) 
in shoots and roots of four lettuce varieties, grown for 43 days on nutrient solution'. 
Form of N Variety Solution Cd Concentration 
Nutrition 0.01 0.03 0.01 0.03 










































 Cadmium (mg L"1) was added 30 days before harvest. Values between parentheses represent standard 
deviation. 
Zn concentrations in shoots and roots 
Shoots of Cd-supplied plants grown on NH4 had higher Zn concentrations compared to 
N03 nutrition (Table 3). The Zn concentrations in roots of NH4-fed plants were also higher 
than those in plants grown on N03, although not significantly (data not shown). Higher Zn 
concentrations in NH4-grown plants were observed even in shoots and roots of the control 
plants. This is in contrast to data presented by Moritsugu et al. (16) who reported lower Zn 
concentrations in tops of lettuce plants grown at constant pH on NH, compared to N03. As 
expected, Ca and K concentrations in shoots of plants grown on NH, were lower compared 
to N03 nutrition (Table 3). In conclusion, both Cd and Zn showed a deviating behaviour 
(compared to the macronutrients Ca and K) when the N source is either NH4 or N03. 
Cd distribution in the plant 
To investigate the influence of the form of N nutrition on the Cd distribution in lettuce 
plants, whole-plant uptake of Cd was followed in its distribution between stems, young 
leaves, old leaves, and roots (Table 4). The shoot/root distribution of Cd was roughly similar 
for NH4- and N03-grown plants. About 70% of the Cd taken up was found in the shoot. This 
percentage is roughly in accordance with that reported by others (11). A comparison of the 
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Table 3. The influence of the form of N nutrition on the Zn, Ca, and K concentrations (jug g ' DW; 
n=2 or 3) in shoots of four lettuce varieties, grown for 43 days on nutrient solution1. 
Shoot Concentration 
Form of N 


































Mean 52(6) 294(85) 2188(50) 
1
 Cadmium (0.03 mg L ') was added 30 days before harvest. Values between parentheses represent 
standard deviation. 
Cd distribution over both leaf categories showed a much lower proportion in the young leaves 
compared to the old leaves (Table 4). Dry yields of both old and young leaves were roughly 
the same for NH4-grown plants, whereas dry yields of old leaves of plants grown on N0 3 
were about 1.5 times higher than those of young leaves (data not shown). Similar differences 
in Cd concentrations in young and old leaves were also reported by Xue and Harrison (23). 
An estimation of the redistribution of an element from old to young leaves may be obtained 
by the calculation of the concentration ratio (young/old), this ratio being highest for the most 
mobile element at normal growth conditions. For Cd and Ca similar ratios (0.31 - 0.42) were 
calculated, suggesting a very similar translocation behaviour of both elements. The values for 
K were much higher (0.69 - 0.80), reflecting the well-known higher mobility of K compared 
to Ca. The huge differences in Cd (and Ca) concentrations between both leaf categories may 
have resulted from a smaller transpiring surface of the younger leaves and concomitant 
reduced import via the xylem. 
Conclusions and practical implications 
The Cd concentrations in NH4-grown plants were higher compared to plants grown on N0 3 
and whole-plant Cd uptake was also higher. After Cd is taken up, it is distributed in the plant 
independent of the form of N nutrition. This shows that the N source directly affects the 
amount of Cd taken up at the uptake sites of lettuce roots. Zinc, a micronutrient chemically 
related to Cd, had also higher concentrations in shoots of NRpgrown plants compared to 
shoots of N03-grown plants. This pattern was not observed for the macronutrients Ca and K. 
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Table 4. The influence of the form of N nutrition on Cd uptake (/tg/plant; n=8) by whole lettuce 
plants, and the Cd distribution over stem, old, and young leaves, and roots of four lettuce varieties, 
grown for 43 days on nutrient solution '. 
Cadmium Uptake 
Form of N 
Nutrition Stems Leaves 
ö i a — 
Roots Whole Plant 
Young 
NH4 Mean of all 
Varieties 










NO, Mean of all 
Varieties 










Cadmium (0.03 mg L ') was added 30 days before harvest. 
Further research is needed to explain the deviating behaviour of Cd and Zn at the uptake sites 
of the roots. 
Rhizosphere acidification after NH4 uptake may result in an increased bio-availability 
of Cd in the soil solution and a subsequent enhanced Cd uptake. Our results show that NU, 
nutrition resulted in a higher Cd uptake compared to N0 3 nutrition, even at constant pH. 
When sewage sludge is applied to a soil, nitrogen may be present as NH4 after organic-N 
mineralization. Consequently, NH4-grown lettuce plants may take up more Cd than N03-fed 
plants, even from a well-buffered soil. The preferential absorption of NH4-N over N03-N by 
lettuce from a mixed NiyNOj solution as reported by Ikeda and Osawa (12), may further 
enhance Cd uptake. 
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Uptake and distribution of cadmium in maize inbred lines 
Key words: cadmium, Cd distribution, maize inbred lines, nutrient solution culture, soil, Zea 
mays L. 
Abstract 
Genotypic variation in uptake and distribution of cadmium (Cd) was studied in 19 inbred 
lines of maize (Zea mays L.). The inbred lines were grown for 27 days on an in situ Cd-
contaminated sandy soil or for 20 days on nutrient solution culture with 10 fig Cd Lr1. The 
Cd concentrations in the shoots showed large genotypic variation, ranging from 0.9 to 9.9 
Hg g1 dry wt. for the Cd-contaminated soil and from 2.5 to 56.9 fig g"1 dry wt. for the 
nutrient solution culture. The inbred lines showed a similar ranking for the Cd concentrations 
in the shoots for both growth media (r2 = 0.89). Two main groups of inbreds were 
distinguished: a group with low shoot, but high root Cd concentrations (shoot: 7.4 ± 5.3 itg 
g"1 dry wt.; root: 206.0 ± 71.2 jug g"1 dry wt.; 'shoot Cd excluder') and a group with similar 
shoot and root Cd concentrations (shoot: 54.2 ± 3.4 fig g"1 dry wt.; root: 75.6 ± 11.2 fig 
g1 dry wt.; 'non-shoot Cd excluder'). The classification of the maize inbred lines and the 
near equal whole-plant Cd uptake between the two groups demonstrates that internal 
distribution rather than uptake is causing the genotypic differences in shoot Cd concentration 
of maize inbred lines. Zinc (Zn), a micronutrient chemically related to Cd, showed an almost 
similar distribution pattern for all maize inbred lines. The discrepancy in the internal 
distribution between Cd and Zn emphasizes the specificity of the Cd distribution in maize 
inbred lines. 
Introduction 
Soil cadmium (Cd) levels may increase steadily, e.g., by sewage sludge application or 
zinc smelting activities (Davis, 1984). Cadmium is easily taken up by plants and translocated 
to different plant parts. Generally, visual toxicity symptoms and impaired growth occur only 
at relatively high internal Cd concentrations (Adriano, 1986). Consumption of vegetable 
products containing high Cd levels results in enhanced Cd accumulation in organs such as 
kidneys and liver, and may impair their function (Bernard and Lauwerys, 1984). 
The uptake of Cd varies between plant species. Interspecific differences in shoot Cd 
concentration have been reported for economically important crops (John, 1973; Marschner, 
1983). Intraspecific variation in Cd concentration has been found in soybean (Glycine max 
(L.) Merr.) (Bogess et al., 1978). Hinesly et al. (1978) reported a large genotypic variation 
in leaf Cd concentration among maize inbred lines grown on sludge-amended soil. 
The present study was initiated to investigate the physiological basis of the genotypic 
variation in Cd uptake by maize inbred lines. For this purpose several of the inbreds used 
in the study of Hinesly et al. (1978) have been included. The first purpose of this study was 
to reproduce the genotypic differences found by Hinesly et al. (1978) and to investigate 
whether they persist in nutrient solution culture. Further, in order to discriminate between 
genotypic variation in uptake and internal distribution of Cd, both shoot and root 
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concentrations must be known. The latter can be best obtained from plants grown on nutrient 
solution. At the same time it was investigated whether variation in uptake and distribution 
is also detectable for zinc (Zn) that is commonly present in Cd-contaminated soils and is 
chemically related to Cd (Adriano, 1986). 
Materials and methods 
Nineteen maize inbred lines were grown in a greenhouse on either an in situ Cd-
contaminated sandy soil or on nutrient solution culture. 
Soil experiment 
The in situ Cd-contaminated sandy soil was collected in the southwestern part of the 
Netherlands (De Kempen) from an area contaminated in the past by a zinc smelter. Soil 
preparation and analysis were described elsewhere (Florijn et al. (1991); pH-KCl: 5.2, 
Organic C (%): 2.4, CaCl2 (10 raM) extractable Cd: 0.56 fig g"1 dry soil). Soil moisture 
content was adjusted to 60% (175 mL kg"1 dry soil) of the maximum water-holding capacity 
with a stock solution of macronutrients (87 mL kg"1 dry soil), an FeS04 solution (5 mL kg1 
dry soil), a micronutrient stock solution (5 mL kg1 dry soil) (Table 1), and demineralized 
water (78 mL kg"1 dry soil). After covering the bottom with fine gravel, the pots were filled 
with 2.1 kg of moist soil and transferred to a greenhouse in which a minimum temperature 
of 15°C was maintained. The experiment was carried out in summer. About six seeds were 
placed in each of the pots and after emergence plant number was reduced to three per pot. 
Each inbred line was tested in three pots. The soil surface was covered with fine gravel to 









































minimize evaporation. The moisture content was registered daily and maintained throughout 
the experiment by weighing each pot followed by adjustment with demineralized water. In 
order to compensate for weight increments of growing plants, total pot weights were 
increased during the experiment on the basis of growth curves used in our laboratory. Five 
pots without plants were used as controls to assess evaporation from the soil. Plants were 
harvested after 27 days of growth and weighed after drying for at least 24 h at 70°C. 
Nutrient solution experiment 
The nutrient solution experiment was carried out simultaneously with the soil experiment 
under identical environmental conditions. Seeds were germinated in moist quartz sand and 
after seven days transferred to two 150-L containers. Four seedlings of each inbred line were 
placed in a plastic disc, supported by poly-urethane foam strips, giving two discs for each 
inbred line and each container. The discs were randomly distributed over each container. 
Plants were grown on an aerated flowing Hoagland solution at pH 5.50 ± 0.10. The nutrient 
solution consisted of: 5.0 raM Ca(N03)2.4H20; 5.0 mM KN03; 2.0 mM MgS04.7H20; 1.0 
mM KH2P04, and trace elements (mg L1): Fe (as FeEDTA) 4.6; B 0.5; Mn 0.5; Zn 0.05; 
Cu 0.02; Mo 0.01. FeEDTA was replaced by FeS04 (10 yM) at the start of Cd application 
and added daily. FeS04 was used because ethylenediaminetetraacetic acid (EDTA) forms 
complexes with Cd and may thus affect its uptake (Wolterbeek et al., 1988). The nutrient 
solutions were renewed weekly. Cadmium (10 pg L"1 as CdCl2) was added to one container 
nine days after transfer of the plants to the nutrient solution, giving a Cd treatment and a 
control. During the last week of the growth period, the Cd concentration in the solution was 
adjusted daily to the initial value. Plants were harvested 20 days after transfer. The four 
plants from each disc were treated as one sample. Plants were separated into shoots and 
roots. Roots were soaked for one minute in two aliquots of demineralized water and carefully 
dried between tissues. Dry weights of shoots and roots were determined after drying for at 
least 24 h at 70°C. 
Chemical analysis 
Before analysis, shoots and roots were ground in a stainless steel grinder. The Cd 
concentration in plant material was determined as described elsewhere (Florijn et al., 1991). 
Zn concentrations were determined by Atomic Absorption Spectrometry (AAS) in the same 
digests used for Cd determinations. Reference material from the International Plant-analytical 
Exchange (IPE) program was used (Houba et al. 1991). The mean deviation of the AAS 
measurements was less than 10% from the median value as deduced from the IPE program 
data. 
Results 
Shoot dry weights, shoot Cd concentrations and transpiration coefficients of the 19 maize 
inbred lines grown on the in situ Cd-contaminated sandy soil are presented in Table 2. The 
shoot Cd concentrations of the inbred lines differed considerably ranging from 0.9 to 9.9 /xg 
g~' dry wt. The shoot dry weights of the inbreds ranged from 1.1 to 2.1 g/ plant and were 
not related to tissue Cd concentrations (1^=0.01) (Table 2). No relationship was obtained 
between the shoot Cd concentration and the transpiration coefficient of the individual inbred 
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Table 2. Shoot dry weights, shoot Cd concentrations and transpiration coefficients of 19 maize inbred 
lines grown for 27 days on an in situ Cd-contaminated sandy soil. 
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 Within each column, values followed by the same letter are not significantly different at the 5% 
level according to Duncan's Multiple Range Test. 
lines (1^= 0.18). The Cd concentrations in the shoots of the inbred lines grown on solution 
culture were much higher than for the inbreds grown on soil (Fig. 1) and ranged from 2.5 
to 56.9 ng g"1 dry wt. A close correlation between the concentrations of Cd in the inbred 
lines grown on soil and solution culture was observed; only Mol7 did not fit this pattern (r2 
= 0.89, without Mol7). 
Figure 2 shows the relationship between the Cd concentrations in shoots and roots of the 
19 maize inbred lines grown on solution culture. The inbreds W401, F7, Co255, A619, 
Oh43, F252, H96, Va26, H99, R805, B73, and F2 had low shoot Cd concentrations (7.4 ± 
5.3 fig g"1 dry wt.) in combination with high Cd concentrations in the roots (206.0 + 71.2 
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Fig. 1. Relationship between the shoot Cd concentrations (/ig g1 dry wt.) of 19 maize inbred lines 
(numbers as in Table 2) grown on an in situ Cd-contaminated sandy soil and those of plants grown 
on nutrient solution. Cadmium (10 /ig L1) was added 11 days before harvest. The regression line was 
calculated excluding Mol7. 
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Root Cd concentration 
Fig. 2. Relationship between Cd concentrations (/tg g ' dry wt.) in shoots and roots of 19 maize 
inbred lines (numbers as in Table 2) grown for 20 days on nutrient solution. Cadmium (10 /ig L ') 
was added 11 days before harvest. 
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wt.; root: 75.6 ± 11.2 jtg g"1 dry wt.) were observed in N28, B37, and H98. The inbreds 
B14, A632, and H100 had intermediate values (shoot: 34.2 ± 1.2 /xg g'1 dry wt.; root: 166.9 
± 31.3 ng g"1 dry wt.). No relationship was recognized between dry weights and Cd 
concentrations of both shoots and roots (shoot: i^= 0.23; root: r2= 0.01). The mean dry 
weight of all inbreds was 1.7 + 0.6 g/ plant for shoots and 0.3 ± 0.1 g/ plant for roots. 
To examine the specificity of the above classified groups of inbred lines for Cd, 
root/shoot concentration ratios for Cd (Cd treatment) and Zn (control) were calculated (Fig. 
3). The root/shoot concentration ratio for Cd ranged from 1.2 to 57.8. The root/shoot 
concentration ratio for Zn was within narrower limits (0.8-3.5) and was not correlated with 
the Cd concentration ratio (r2= 0.38). 
The effect of Cd application on dry weights, Zn concentrations, and Zn amounts in shoots 
and roots is shown in Table 3. Dry weights of both shoots and roots were not affected by Cd 
application. The mean Zn concentration in the roots of control plants was about three times 
the Zn concentration in the shoots. Relative to the control, the Zn concentration in shoots 
increased; whereas, the Zn concentration in roots decreased, after Cd was added to the 
nutrient solution, although not significantly (Table 3). This resulted in a decrease of the 
root/shoot concentration ratio for Zn in Cd-treated plants from about 3 to about 2. Cadmium 
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Fig. 3. Root/shoot concentration ratios for Cd (Cd treatment) and Zn (control) of 19 maize inbred 
lines grown for 20 days on nutrient solution. Cadmium (10 /ig L') was added 11 days before harvest. 
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Table 3. The effect of Cd on dry weights, Zn concentrations, and Zn amounts in shoots and roots of 
19 maize inbred lines grown for 20 days on nutrient solution. 
-Cd +Cd (10 ixg L')b) 




(jug g"1 dry wt.) 
Zn Amount 
(/tg/ plant) 










' Values ± standard deviationb) Cadmium was added 11 days before harvest. 
Discussion 
A considerable variation in shoot Cd concentration, by a factor of 11, was observed 
among the 19 maize inbred lines grown on the Cd-contaminated soil (Table 2). This 
corroborates with the data of Hinesly et al. (1978), who reported variation in leaf Cd 
concentrations of the same maize inbred lines by a factor of 40. When the inbreds were 
ranked according to their Cd concentrations in the shoots, a similar ranking was obtained for 
plants grown on soil or solution culture (Fig. 1). A good relationship was obtained between 
the re-ranked 14 inbred lines common to both the study of Hinesly et al. (1978) and the 
current work (f- 0.82). The similarity in the ranking and in the variation in shoot Cd 
concentrations was achieved in spite of different sampling of plant material and experimental 
conditions. For example, Hinesly et al. (1978) determined the Cd concentrations in the ear-
leaves of mature plants grown in the field; whereas, our determinations were carried out on 
whole shoots of plants grown in a greenhouse on Cd-contaminated soil for 27 days, or in a 
nutrient solution exposed to Cd for 11 consecutive days. Our results show that even after 
such short periods of growth and Cd uptake, shoot Cd concentrations differed remarkably 
and were highly predictive for mature plants. For the study of genotypic variation in Cd 
concentrations among maize inbreds, it is therefore warranted to grow the inbred lines on 
nutrient solution for this relatively short period of Cd exposure. 
The absence of any correlation between shoot Cd concentrations and shoot dry yields 
of the maize inbreds grown on the Cd-contaminated soil implies that differences in shoot Cd 
concentration were genetically controlled, rather than the result of concentrating effects 
arising from poor growth of some inbreds. The good correlation between the shoot Cd 
concentrations of the inbreds grown on soil and solution culture shows that the variation in 
shoot Cd concentration is independent of the rooting media, thus providing additional 
evidence for a genetic basis of the differences in shoot Cd concentration. Breeding 
experiments with some of these inbreds further confirmed the genetic basis of the variation 
in Cd concentration (Hinesly et al., 1982). 
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To investigate the basis of the genotypic variation in shoot Cd concentration, both shoot 
and root Cd concentrations were determined. Two extreme groups were recognized (Fig. 2). 
The first group of inbreds had low shoot Cd concentrations, but high root Cd concentrations. 
Similar shoot and root Cd concentrations were observed in the second group. The differences 
between the two groups in Cd concentrations in both shoots and roots were not related to 
differences in dry weights. The whole-plant uptake of Cd was roughly the same for both 
groups (group 1: 87.1 ± 40.0 j*g/ plant; group 2: 91.9 ± 32.9 /ig/ plant). The variation in 
Cd concentrations in shoots of the maize inbred lines while whole-plant Cd uptake is 
relatively constant, demonstrates that internal distribution rather than uptake is causing the 
genotypic differences in shoot Cd concentrations. This difference in distribution is not related 
to the transpiration coefficient, as was shown in the soil experiment (Table 2). The group of 
inbreds that had low Cd concentrations in the shoots apparently prevented the transfer from 
roots to shoots of Cd taken up and may therefore be designated 'shoot Cd excluders'. The 
other group, with high shoot Cd concentrations, had distributed Cd equally over shoots and 
roots. The mechanisms to retain Cd in the root may be absent in representatives of this 
group. Therefore we prefer this group to be designated 'non-shoot Cd excluders' rather than 
'accumulators' as supposed by Hinesly et al. (1978). The three inbred lines belonging to an 
intermediate group (A632, B14, and H100) are genetically related; about 93% of the genetic 
endowment of A632 was derived from B14 (Hinesly et al., 1978), and H100 originates from 
N28 (high shoot Cd concentration) and H91. 
Cadmium and Zn are divalent metallic cations and chemically related (Adriano, 1986). 
Competition (Cataldo et al., 1983) as well as synergism (Girling and Peterson, 1981) 
between these elements for uptake by plants has been reported. In the maize inbred lines 
tested, the root/shoot concentration ratios for Cd and Zn were not correlated (Fig. 3) and 
whole-plant uptake of Zn was not affected by Cd application (Table 3). These findings 
support the idea that Cd and Zn uptake competition was of minor importance and they 
emphasize the genetic specificity of the internal distribution of Cd in the maize inbred lines. 
In the present experiment, the Zn concentration in the solutions was much higher compared 
to Cd. As will be shown in a next paper, the differential Cd distribution among the inbreds 
remains valid even at comparable Zn and Cd concentration. After Cd application, the maize 
inbred lines had higher Zn concentrations in the shoots but lower Zn concentrations in the 
roots compared to the control plants, although not significantly (Table 3). The whole-plant 
uptake of Zn was roughly the same for plants grown with or without Cd (Table 3). The 
increase in the Zn concentration in shoots and its decrease in roots may therefore be 
attributed to a stimulation of Zn transfer from roots to shoots as reported for tomato 
(Lycopersicon esculentum Mill.) and carrot (Daucus carota L.) (Turner, 1973) and rice 
(Oryza sativa L.) (Dabin et al., 1978). 
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Abstract 
In order to investigate the physiological basis of the differential Cd distribution and the 
degree of variation of this Cd distribution among maize inbred lines, six inbreds designated 
earlier as 'shoot Cd excluders' (B73, H99, and H96) and 'non-shoot Cd excluders' (B37, 
H98, and N28) were grown in nutrient solution culture at different external Cd levels or at 
different pH. The characterization of the inbreds according to their shoot/root partitioning 
of Cd was consistent, independent of pH or level of Cd supply. The Cd concentrations in the 
plants were highest at the highest pH of the solution cultures. Generally, there was a positive 
correlation between the Cd concentrations in shoots and xylem exudates. It was shown that 
the Cd concentration in the roots is particularly important in the Cd distribution process. 
Above a 'critical' internal Cd concentration in the roots, specific for each inbred, the ability 
to retain Cd is strongly diminished. It is concluded that structural and/or physiological 
characteristics of the roots are involved in Cd partitioning. 
Introduction 
Plants can take up Cd easily and transport it to the different organs (Jarvis et al., 1976). 
The Cd concentrations in plants are controlled by the level of Cd in the soil and by chemical 
and physical properties of the substrate (Van Bruwaene et al., 1984). Both total Cd and pH 
affect the concentration of Cd-ions in the soil solution. In nutrient solution, competition with 
hydrogen ions at the root surface may be the main process determining the availability of Cd 
to plants (Hatch et al., 1988). 
Plant species or varieties within species exposed to similar external Cd concentrations 
may differ in uptake and/or internal distribution of Cd (Bogess et al., 1978; Florijn and Van 
Beusichem, 1993; John, 1973). Differential Cd distribution may be the result of differences 
in the capacity to retain absorbed Cd in the roots, and/or variation in xylem loading or Cd 
retranslocation in the phloem. Maize inbred lines exposed to various Cd levels in the soil 
showed huge differences in the Cd concentrations in the shoots (Hinesly et al., 1978). These 
differences are believed to be genetically controlled (Hinesly et al., 1982). In previous work 
we have shown that in maize inbred lines internal distribution rather than total uptake causes 
the variation in the shoot Cd concentration (Florijn and Van Beusichem, 1993). We have 
proposed to categorize the inbreds as 'shoot Cd excluders' or 'non-shoot Cd excluders'. 
Whether this characterization remains valid when the inbreds are subjected to different 
external factors such as pH or level of Cd supply is unknown. 
In the present paper, we extend our earlier investigations of the physiological basis of the 
differential Cd distribution in maize inbred lines, by reporting experiments in which the 
degree of consistency of the variation in Cd distribution was investigated. For that purpose, 
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plants were grown on nutrient solution cultures at either different pH or level of Cd supply. 
Materials and methods 
Six maize inbred lines, consisting of three 'shoot Cd excluders' (B73, H99, and H96) 
and three 'non-shoot Cd excluders' (B37, H98, and N28) were grown in a growth chamber 
at 20 °C, dew point 17.7 °C. They were illuminated at an intensity of 140 W m"2 by HPL 
comfort and Son-T lamps for 16 h d"1. Four seedlings of an inbred were fixed in a plastic 
disk, supported by poly-urethane foam strips. One disk of each inbred was transferred to 50-
L containers. Plants were grown in aerated flowing nutrient solutions (Florijn and Van 
Beusichem, 1993) with FeS04 (10 ßM) instead of FeEDTA; FeS04 was added daily. After 
ten days, the FeS04 supply was increased to 20 ßM for seven days and then to 30 ßM for 
the rest of the experiment. Nutrient solutions were renewed eight days after the start of the 
experiment and then every four days until harvest. Solution pH was kept constant (± 0.10) 
by automatic supply of acid (50 mM H2S04) or alkali (100 mM NaOH). Cadmium (as CdCl2) 
was added to the nutrient solutions for the first time at 18 days after transfer of the plants 
and Cd concentrations were adjusted daily to initial values. 
Two nutrient solution experiments were carried out. In one experiment, plants were 
grown at a range of Cd concentrations in nutrient solution (0, 1, 10, 30, 50, 100, 300, and 
500 ßg Cd L"1) at pH 5.50 ± 0.10. In another experiment, the six maize inbred lines were 
grown on three 50-L containers in duplicate at a solution Cd concentration of 30 /xg Cd L"1 
where the pH of the nutrient solution was kept constant at 4.50, 5.50, or 6.50. 
Plants were harvested 32 days after transfer to the nutrient solutions. Xylem exudates 
were collected from the plants in the pH-experiment. Plants were decapitated two cm above 
the uppermost roots. The exudate was discarded for 10 min to avoid phloem and cell tissue 
contaminations (Armstrong and Kirkby, 1979; Andersen and Brodbeck, 1989) and collected 
in preweighed vials over an exactly 60-min period. The samples were weighed immediately 
after collection and deep frozen until use. Roots were washed for one min in demineralized 
water to remove ions from the free space. Shoots and roots were dried at 70°C for 24 h, 
weighed and ground in a stainless steel grinder. Cadmium concentrations of shoots and roots 
were determined by Atomic Absorption Spectrometry (AAS) after digestion in a HN03-
HC104-H2S04 mixture, as described before (Florijn et al., 1991 ; Florijn and Van Beusichem, 
1993). The Cd concentrations in nutrient solutions and xylem exudates were determined 
directly by AAS after acidification with 0.8 M H2S04 (4.5/0.5 v/v). Exudate pH was 
determined with a combined glass/calomel electrode. 
Results 
Shoot dry matter yields of the inbreds were not affected by Cd until a Cd concentration 
of 50 ßg Cd L"1 in solution. The reduction in dry yields of shoots of plants grown at 100 ßg 
Cd L"1 compared to 50 ßg Cd L1 was 25% for 'shoot Cd excluder' and 45% for 'non-shoot 
Cd excluders'. At higher Cd applications the dry matter yields of all inbreds remained 
constant. 
Shoot Cd concentrations of the 'non-shoot Cd excluders' (B37, H98, and N28) increased 
rapidly until a maximum between 50 and 90 ßg Cd g"1 dry wt., when the plants were grown 
on nutrient solutions at different Cd concentrations (Fig. 1). Maximum Cd concentrations in 
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Fig. 1. Cadmium concentrations (jtg g"1 dry wt.) in shoots of six maize inbred lines grown for 32 
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Fig. 2. Cadmium concentrations (/ig g"1 dry wt.) in roots of six maize inbred lines grown for 32 
days on nutrient solutions at different levels of Cd supply (jig L"1). Cadmium was added 14 days 
before harvest. 
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higher external Cd concentrations compared to 'non-shoot Cd excluders' or not achieved at 
all (B73). The differences in shoot Cd concentrations between both groups of inbreds were 
most obvious at a low external Cd supply (Fig. 1). 
The Cd concentrations in the roots of all inbreds showed a curvilinear response to the 
Cd levels in solution (Fig. 2) including a similar increase at Cd concentrations above 100 fig 
Cd L1 in solution. Above this external Cd level, root Cd concentrations of 'non-shoot Cd 
excluders' were lower compared to those of 'shoot Cd excluders'. 
Because of experimental limitations, results shown in Fig. 1 and 2 represent only single 
observations. We believe that in this case such presentation is justified because detailed 
evaluations of data from this and other work (Florijn and Van Beusichem, 1993; Florijn et 
al., 1993) revealed that the coefficient of variation of shoot Cd concentrations (>5 fig Cd 
g1 dry wt.) and root Cd concentrations (>30 fig Cd g1 dry wt.) never exceeded 19.0 and 
14.0 %, respectively. 
The relationship between shoot and root Cd concentrations of 'shoot Cd excluders' and 
'non-shoot Cd excluders' is presented in Figure 3. The 'shoot Cd excluders' (lower line) 
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Fig. 3. Relationship between the Cd concentrations (fig g"1 dry wt.) of shoots and roots of 'shoot 
Cd excluders' and 'non-shoot Cd excluders' grown for 32 days on nutrient solution at different 
levels of Cd supply. Cadmium was added 14 days before harvest. 
No significant effect of pH on dry matter yields of shoots and roots of both groups of 
inbreds grown at 30 fig Cd L'1 was observed (Table 1), although a considerable variation in 
dry matter yield among the inbreds occurred. 
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Table 2 shows the Cd concentrations in shoots and roots of the six maize inbred lines 
grown at different pH of the Cd containing (30 ßg Cd L"1) nutrient solutions. Both shoot and 
root Cd concentrations were highest at the highest pH of the solution cultures. The grouping 
of the inbreds in 'shoot Cd excluders' and 'non-shoot Cd excluders' was consistent with that 
recognized in the first experiment where the inbreds were grown at different Cd levels in 
solution. 
Table 1. Dry matter yields (g/plant) of shoots and roots of 6 maize inbred lines grown for 32 days 
on nutrient solution at different pH. Cadmium (30 fig Cd L') was added 14 days before harvest. 






















































 Values of shoots or roots of the same inbred line and b) values within columns (after logarithmic 
transformation) followed by the same letter are not significantly different at the 5 % level according 
to Duncan's Multiple Range Test (DMRT). 
The relationship between the Cd concentrations in shoots of 'shoot Cd excluders' and 
'non-shoot Cd excluders' and their xylem Cd concentrations is presented in Figure 4. 'Shoot 
Cd excluders' had low Cd concentrations in both shoots and xylem sap, in contrast to the 
high concentrations of Cd in shoots and xylem sap of the 'non-shoot Cd excluders'. 
Generally, Cd concentrations in shoots and xylem exudates were positively correlated. The 
pH of the exudates was about 5.7 and remained constant independent of the solution pH. 
Discussion 
Huge differences between the Cd concentrations in shoots of the two groups of inbreds 
were obtained when plants were grown at low levels of Cd supply. 'Non-shoot Cd excluders' 
showed a curvilinear response of the Cd concentrations in the shoots to increasing Cd 
concentrations in solution. A similar response to Cd and similar maximum Cd concentrations 
in the shoots were achieved in the 'shoot Cd excluders' H96 and H99, though at much higher 
external Cd concentrations. Cadmium concentrations of the shoots of the inbred B73 
remained low for the whole range of external Cd supply. Although the pattern obtained for 
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Table 2. Cadmium concentration (/*g g"1 dry wt.) in shoots and roots of 6 maize inbred lines grown 
on nutrient solution for 32 days at different pH's. Cadmium (30 ng Cd L"1) was added 14 days before 
harvest. 
Shoot Cd Concentration 
4.5 













































 Values of the Cd concentration of shoots and roots of the same inbred andb) values within columns 
(after logarithmic transformation) followed by the same letter are not significantly different at the 5 % 
level (DMRT). 
roots was less pronounced at the lower levels of Cd in solution, 'shoot Cd excluders' had 
generally higher Cd concentrations in the roots compared to 'non-shoot Cd excluders'. Thus, 
our results confirm the proposed characterization of the inbreds as 'shoot Cd excluders' or 
'non-shoot Cd excluders' (Florijn and Van Beusichem, 1993) for a wide range of external 
Cd concentrations. 
At low Cd levels in solution, a linear relationship between the Cd concentrations in 
shoots and nutrient solution was observed in both groups of inbreds (Fig. 1). A positive 
correlation between Cd concentrations in shoots and nutrient solution has been reported 
earlier (Bingham et al., 1976; Kabata-Pendias and Pendias, 1985). Cadmium concentrations 
in shoots of 'non-shoot Cd excluders' increased until a saturation level between 50 and 90 
Hg Cd g"1 dry wt. was achieved. A similar saturation level was observed for the 'shoot Cd 
excluders' H99 and H96. Cadmium concentrations in shoots of B73 remained always low and 
were only enhanced at the highest Cd level. Mere concentrating effects due to a lower dry 
weight can not explain the drastic increase in the shoot Cd concentrations of the 'non-shoot 
Cd excluders' and the 'shoot Cd excluders' H96 and H99 (Fig. 1). The still increasing root 
Cd concentrations of the inbreds at a Cd supply higher than 100 /ig Cd L"1 may be due to 
unspecific binding to the roots. Therefore, we conclude that internal root characteristics may 
determine the transport of Cd to the shoot. 
The considerable difference in the root/shoot Cd concentration pattern of 'shoot Cd 
excluders' and 'non-shoot Cd excluders' (Fig.3) clearly reflects the different capacity of their 
roots to retain Cd. 'Non-shoot Cd excluders' had nearly equal Cd concentrations in shoots 
and roots, reflecting the ease of Cd transport to their shoots, in contrast to the 'shoot Cd 
excluders' that retain the Cd mostly in the roots. Maize inbred lines genetically related to the 
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Fig. 4. Relationship between the shoot Cd concentrations (/ig g"1 dry wt.) and the Cd concentrati-
ons in xylem exudates QiM) of 'shoot Cd excluders' and 'non-shoot Cd excluders' grown for 32 
days on nutrient solution at different pH. Cadmium was added 14 days before harvest. 
concentration pattern which was between the figured lines (Florijn and Van Beusichem, 
1993). This suggests that the Cd distribution pattern is highly dependent on the genetic 
background of each inbred and that this pattern may change depending on root Cd 
concentration (Fig. 3). Similar Cd distribution patterns for 'shoot Cd excluders' and 'non-
shoot Cd excluders' may be obtained beyond the highest level used in this experiment. Thus, 
the Cd concentration of the root is particularly important in the Cd distribution process; 
beyond a 'critical' internal concentration the ability to retain Cd in the roots is strongly 
diminished. 
The Cd concentrations in the shoots of the individual inbred lines grown at 30 ng Cd L"1 
were closely correlated 0^=0.88) with those of the same inbreds as reported by Hinesly et 
al. (1978) in their study of mature plants grown in soil at high sludge application rates. This 
shows that the variation in shoot Cd concentrations in the inbreds is consistent for the whole 
growth period of the plant. In addition, the consistent Cd distribution pattern of the inbreds 
grown either in soil or nutrient solution emphasises the similarity in response of the plants 
to Cd application. Thus, the different shoot Cd concentrations in the inbreds are neither 
related to the growth stage of the plant, nor to the growing substrate, pH or level of Cd 
supply. This supports the notion of a genetic background, as was concluded by Hinesly et 
al. (1982) and Florijn and Van Beusichem (1993). This independence from external factors 
and their low Cd amounts in the shoots make the 'shoot Cd excluders' attractive for plant 
breeders considering the desirable reduction of the Cd load of the food chain. 
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Absorption of cations is favoured at a high pH of the rooting media (Van Beusichem, 
1982) possibly due to a diminishing competition with H+-ions (Hatch et al., 1988). In 
accordance, Cd concentrations of both shoots and roots of the six inbreds were higher at a 
higher pH of the nutrient solutions (Table 2), and this was not due to Cd effects on dry 
matter yields (Table 1). The grouping of the inbreds as 'shoot Cd excluders' or 'non-shoot 
Cd excluders' was consistent with that observed in the first experiment where the inbreds 
were grown at different levels of Cd supply. The amounts of Cd translocated to the above-
ground parts may be governed by xylem loading (Bowling, 1981) and xylem flux. The rates 
of xylem loading may be affected by the speciation of Cd. Measurements of the pH in the 
xylem saps are of paramount importance to assess possible different contributions of Cd 
complexes and their concomitant flux. In our experiment the exudate pH was about 5.7 for 
all inbreds. This may suggest that the enhanced longitudinal transport of Cd of 'non-shoot 
Cd excluders' compared to 'shoot Cd excluders' is not related to enhanced formation of Cd-
organic complexes. Generally, a positive correlation between the Cd concentrations in shoots 
and xylem exudates was obtained (Fig. 4). This positive correlation shows that redistribution 
of Cd by the phloem is of minor importance in the Cd distribution process, as was also 
reported for lettuce by Florijn et al. (1992). Therefore, the Cd concentrations in the shoots 
are determined by the amounts of Cd loaded into the xylem and by the root Cd 
concentration. Structural and/or physiological characteristics of the plants may lead to the 
observed different capabilities to retain Cd inside the roots and in turn to the observed 
variation in Cd partitioning. 
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Evaluation of structural and physiological plant characteristics in relation 
to the distribution of cadmium in maize inbred lines 
Keywords: cadmium, desorption, genotypic variation, maize inbred lines, morphological 
parameters, organic acid, nutrient solution culture, root, xylem, Zea mays L. 
Abstract 
To establish the structural and physiological characteristics related to the genotypic 
variation in Cd distribution between maize inbred lines ('shoot Cd excluders' and 'non-shoot 
Cd excluders'), shoot and root morphological parameters were studied on plants grown on 
nutrient solution. Furthermore, the xylem sap composition and the desorbability of Cd from 
roots of these inbreds have been compared. No relationship between the morphological 
characteristics of either shoot (specific leaf area and leaf area ratio) or root (specific root 
length, specific surface area, and average diameter) and Cd distribution could be assessed. 
Cadmium concentrations in the xylem exudates from 'non-shoot Cd excluders' were higher 
than those from 'shoot Cd excluders', but not related to citrate and malate concentrations. 
The absolute and relative amounts of Cd desorbed from roots of 'shoot Cd excluders' were 
about twice as high compared to those of the 'non-shoot Cd excluders', especially at the 
lowest Cd concentration in solution. The absence of a relationship between shoot or root 
morphological parameters and Cd partitioning and the differences between both groups in the 
amounts of Cd desorbed, even at similar root Cd concentrations, indicate that the differential 
Cd distribution between 'shoot Cd excluders' and 'non-shoot Cd excluders' may be related 
to the observed differences in root Cd concentration, desorption characteristics and binding 
capacity of Cd inside and/or outside the root and its distribution within the roots. 
Introduction 
Metal uptake from contaminated soil is different between plants. Two basic strategies 
of plant response to heavy metal toxicity may occur, accumulation and exclusion (Baker, 
1981). Accumulators can concentrate the metals in plant parts from low or high background 
levels, whereas excluders have a more or less constant low shoot level over a wide range of 
external concentrations. 
Both strategies seem to occur in maize inbred lines grown on Cd-contaminated soil 
(Hinesly et al., 1978), which may result from a differential whole-plant uptake and/or 
distribution between shoots and roots. In an earlier article, we showed that total uptake of 
Cd by maize inbred lines was nearly equal, whereas the partitioning of Cd between roots and 
shoots was very different (Florijn and Van Beusichem, 1993a). We distinguished two main 
groups of inbreds: a group with low shoot but high root Cd concentrations ('shoot Cd 
excluders') and a group with similar shoot and root Cd concentrations ('non-shoot Cd 
excluders'). No relationship between the Cd concentrations in shoots or roots and the 
corresponding dry matter yields of both groups of inbreds was observed, while environmental 
conditions, such as pH and level of Cd supply, were not related to the variation in Cd 
distribution (Florijn and Van Beusichem, 1993b). 
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Genotypic variation in Cd distribution may be related to structural or physiological 
differences located in either shoots or roots. Root length, root surface area or root CEC 
(Boot, 1989; Nishizono et al., 1987) may be important in this respect. The Cd speciation in 
the roots and the binding capacity of root tissue components, the formation of granules (Khan 
et al., 1984; Rauser and Ackerley, 1987) or complexation of Cd to metal-binding peptides 
inside the cell (Rauser, 1990; Steffens, 1990) may also play a role in a reduced Cd transfer 
from roots to shoots. Furthermore, physiological processes like xylem loading (Bowling, 
1981; Kochian, 1991) may determine the Cd transport to the shoots. Finally, morphological 
leaf parameters determining the allocation of the xylem flux may be involved in the 
differential Cd transfer. Another potential explanation for a differential Cd transport may be 
the possible redistribution of Cd within the phloem system. 
To establish the structural and physiological characteristics leading to the observed 
differences in Cd distribution within maize inbred lines, shoot and root morphological 
parameters were studied on plants grown in nutrient solution. Furthermore, the xylem sap 
composition and Cd adsorption to the roots of these inbreds have been compared. 
Equilibrium concentrations of Cd complexes occurring in the xylem sap were calculated to 
study the significance of complexation in Cd transport. 
Materials and methods 
Six maize inbred lines, representatives of the two main groups of inbreds ('shoot Cd 
excluders' : B73, H99, and H96; 'non-shoot Cd excluders' : B37, H98, and N28) and different 
in Cd distribution (Florijn and Van Beusichem, 1993a), were used in the experiments. Four 
seedlings of each of the six inbreds were fixed in a plastic disc and transferred to either a 50-
L or a 150-L container, in a growth chamber at 20/20 °C day (16h)/night (8h), dew point 
17.7/17.7 °C, and light intensity 140 W m2 (HPL comfort and Son-T). Plants were grown 
in aerated flowing nutrient solutions (Florijn and Van Beusichem, 1993a). Instead of Fe-
EDTA, FeS04 (10 nM) was added. The iron supply was repeated daily during the following 
9 days, then increased to 20 yM for seven days and to 30 \M for the rest of the experiment. 
The nutrient solutions were renewed eight days after the start of the experiment and then 
every four days until harvest. Cadmium (as CdCl2) was added to the nutrient solutions 18 
days after transfer of the plants. Three Cd treatments (0, 10, and 30 /xg Cd L1) were 
introduced and the Cd concentrations were determined daily and adjusted to initial values. 
These external Cd concentrations did not affect dry matter yields of both 'shoot Cd 
excluders' or 'non-shoot Cd excluders' (Florijn and Van Beusichem, 1993a, b). Solution pH 
was maintained at 5.50 ± 0.10. 
Plants were harvested 32 days after transfer to the nutrient solutions and separated into 
shoots and roots for fresh and dry weight determinations and for chemical analysis. Roots 
were washed in two aliquots of demineralized water for one min, dried between tissues and 
weighed. Plant material was dried at 70 °C for at least 24 h and ground in a stainless steel 
grinder. Cadmium concentrations were determined by atomic absorption spectrometry (AAS) 
after digestion in a H2S04-HC104-HN03 mixture, as described previously (Florijn et al., 
1991; Florijn and Van Beusichem, 1993a). The concentrations of Cd in nutrient solutions 
were determined directly by AAS after acidification with 0.8 M H2S04 (4.5/0.5 v/v). 
Shoot and root morphological parameters, xylem sap composition (Cd, Mn, Fe, Cu, 
Zn, Ca, Mg, P, citrate, and malate) and the desorbability of root Cd were studied in three 
successive experiments. In the first experiment, plants were grown on eight 50-L containers, 
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giving a triplicate for each Cd treatment (10 and 30 /xg Cd L1) and a duplicate for the 
control. The leaf area was determined with a leaf area meter (LICOR 3100). The specific 
leaf area (SLA, cm2 g"1 dry wt.leaf) and the leaf area ratio (LAR, cm2 g"1 dry wt.planI) were 
derived from the primary data. Root length determinations were carried out on subsamples 
of 5 g fresh root material, according to the line-intercept method (Bland and Mesarch, 1990). 
The specific root length (SRL, m g1 dry wt.root) was calculated. Because the specific gravity 
of the roots was close to unity and their dry matter contents were not different (preliminary 
investigations), the specific surface area (SSA, m2 kg"1 dry wt.root) and average diameter (mm) 
could be assessed. 
In another experiment, plants were grown on three 150-L containers with either 0, 10, 
or 30 ng Cd L"1 in solution. Four disks with 4 plants of each inbred were placed on each 
container. The collection of xylem exudates started 5 h after the light was turned on, and 3 
h after adjustment of the solution Cd concentrations to preset values. Plants were decapitated 
2 cm above the uppermost roots. The exudate was discarded for 10 min to avoid phloem and 
cell tissue contaminations (Andersen and Brodbeck, 1989; Armstrong and Kirkby, 1979) and 
collected continuously in preweighed vials over an exactly 60-min period, using Pasteur 
pipets. Xylem exudate of all plants per disc were treated as one sample. The samples were 
weighed immediately after collecting and deep frozen until use. Exudate pH was determined 
with a combined glass/reference electrode and the osmolarity of the xylem sap was 
determined with an Osmomat 030 (Gonotec). Citrate and malate were determined by 
enzymatic procedures (Boehringer Mannheim GmbH; Anonymous, 1989), based on the 
decrease or increase of the absorption of NADH (340 nm) as a result of specific enzymic 
oxidation of NADH or reduction of NAD+. Preliminary investigations in our laboratory 
showed that Cd had no effect on measured organic acid concentrations. The concentrations 
of Cd and Zn were determined by AAS and of other elements (Mn, Fe, Cu, Ca, Mg, and 
P) by Inductively Coupled Plasma-Atomic Emission Spectrometry (ICP-AES), after 
acidification with H2S04. Equilibrium concentrations of Cd complexes with citrate and malate 
were calculated with the use of a computer program for the calculation of ionic speciation 
in soil-water systems (ECOSAT) (Keizer et al., 1991). Osmolarity, pH and the 
concentrations of the two organic acids and of all measured elements were used as input data 
for the calculation of Cd speciation in the xylem sap. 
In the third experiment, roots of plants grown at two Cd treatments (10 or 30 jug Cd 
L1) were allowed to desorb Cd for 2 h according to the procedure of Cd desorption proposed 
by Rauser (1987), slightly modified according to preliminary investigations. Ten grams of 
fresh roots were washed for one minute in demineralized water and subsequently transferred 
into 200 mL ice-cold 50 raM CaCl2. The solutions were continuously stirred during root 
desorption. Samples were taken from the desorption medium at regular intervals over a 120-
min period. 
Results 
The mean values for the root parameters specific root length (SRL), specific surface 
area (SSA), and average diameter of both groups of maize inbreds are given in Table 1. No 
significant differences between both groups were observed, neither in the control nor in the 
Cd treatment. No effect of Cd application on these parameters was observed. 
In Table 2, the specific leaf area (SLA), the leaf area ratio (LAR), and the shoot/root 
ratio of the inbreds are presented. Both the SLA and the LAR were not significantly different 
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Table 1. Specific root length (SRL, m g"1 dry wt.„,J, specific surface area (SSA, m2 kg"1 dry wt .^ , 
and average diameter (mm) of roots of 'shoot Cd excluders' (B73, H99, and H96) and 'non-shoot Cd 
excluders' (B37, H98, and N28), grown for 32 days on nutrient solution. Cadmium (30 /ig Cd L"1) 
was added 14 days before harvest. Values given ± standard deviation. 
SRL SSA Average diameter 
-Cd +Cd -Cd +Cd -Cd +Cd 
Shoot Cd excluders 106±23 113±30 146±19 151±24 0.45+0.04 0.44±0.07 
Non-shoot Cd excluders 120±23 128±18 147+16 153±18 0.40±0.05 0.38±0.02 
Table 2. Specific leaf area (SLA, cm2 g' dry wt.,^), leaf area ratio (LAR, cm2 g"1 dry wt.p]ant), and 
shoot/root ratio of dry matter yields of 'shoot Cd excluders' (B73, H99, and H96) and 'non-shoot Cd 
excluders' (B37, H98, and N28), grown for 32 days on nutrient solution. Cadmium (30 /ig Cd L"1) 







Shoot Cd excluders 273+21 280±41 124+5 131±19 4.0±1.3 4.5±1.0 
Non-shoot Cd excluders 274+42 294±43 121+9 146±16 5.2+1.2 5.5±0.8 
between both groups of inbreds. The shoot/root ratio of the 'shoot Cd excluders' tended to 
be lower compared to the 'non-shoot Cd excluders', although not significantly. Cadmium 
application did not affect these three parameters, except for the LAR of 'non-shoot Cd 
excluders', which was significantly higher after Cd application. 
Xylem sap concentrations of Cd, citrate, and malate of five inbred lines are given in 
Table 3. The Cd concentrations in the xylem exudate of both groups of inbreds increased at 
the higher level of Cd application and were considerably higher for 'non-shoot Cd excluders' 
compared to 'shoot Cd excluders'. The concentrations of both citrate and malate in the xylem 
sap of nearly all inbreds were either similar or slightly enhanced after Cd application. 
The element concentrations (Mn, Fe, Cu, Zn, Ca, Mg, and P), pH and osmolarity of 
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Table 3. Xylem concentrations (jiMy n=4) of Cd, citrate, and malate of five maize inbred lines, grown 
for 32 days on nutrient solution. Cadmium (10 or 30 ng Cd L"1) was added 14 days before harvest. 
Values given ± standard deviation. 
Cd Citrate Malate 
0.01 0.03 -Cd +Cd -Cd +Cd 
Shoot Cd excluders 





Non-shoot Cd excluders 
B37 2.2 ± 0.8 4.2 ± 0.4 
H98 5.0 ± 0.5 7.8 ± 0.9 
N28 2.0 ± 0.4 4.5 ± 0.9 
140 ± 20 
150 
170 ± 10 
100 ± 20 
80 ± 10 
170 ± 20 
100 
300 ± 30 
120 ± 10 
100 ± 10 
700 ±160 
400 
370 ± 40 
260 ± 70 





200 ± 40 
Table 4. Concentrations of Mn, Fe, Cu, Zn, Ca, Mg, and P (jiM), the pH and the osmolarity (MPa) 
in xylem exudates from two maize inbred lines, grown for 32 days on nutrient solution. Cadmium (30 












Maize Inbred line 
B73 
Shoot Cd excluder 
15.0 ±12.6 
5.7 ± 5.8 
0.4 ± 0.5 
7.8 ± 0.3 
1430 ± 160 
1260 ±310 
2960 ± 410 
5.6 ± 0.3 
0.146 ± 0.020 
N28 
Non-shoot Cd excluder 
15.2 ±11.8 
5.2 ± 9.0 
0.9 ± 1.5 
2.7 ± 0.9 
1160 ± 70 
1610 ± 130 
2180 ± 290 
5.5 ± 0.1 
0.136 ± 0.005 
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the xylem exudate of two inbreds (the 'shoot Cd excluder' B73, and the 'non-shoot Cd 
excluder' N28) are presented in Table 4. The Zn and Ca concentrations in the xylem exudate 
from B73 were higher compared to N28. No other differences between the inbreds were 
observed, neither in the concentrations of other elements nor in osmolarity. The pH was 
about 5.5 for both maize inbred lines (Table 4). 
The amounts of Cd desorbed from roots of five maize inbred lines during 2 h are 
presented in Figure 1. The 'shoot Cd excluders' desorbed much higher amounts of Cd from 
the roots compared to the 'non-shoot Cd excluders'. The amounts of Cd desorbed from the 
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Fig. 1. The amounts of Cd desorbed from the roots of 5 maize inbred lines, grown for 32 days on 
nutrient solution. Cadmium (30 fig L"1) was added 14 days before harvest. 
Table 5 shows the shoot Cd concentrations, total Cd concentrations of the roots, and 
the root-desorbable Cd fraction of each inbred line. Shoot Cd concentrations of 'non-shoot 
Cd excluders' were much higher for both Cd treatments compared to 'shoot Cd excluders'. 
The absolute and relative amounts of Cd desorbed from roots of the two 'shoot Cd excluders' 
B73 and H99 were higher compared to the three 'non-shoot Cd excluders', especially at the 
lowest Cd concentration. The root-desorbable Cd fraction of the group of 'non-shoot Cd 
excluders' increased significantly at a higher external Cd supply (P< 0.05), whereas that of 
'shoot Cd excluders' remained constant. 
72 
Table 5. Cadmium concentrations (jig g"1 dry wt.; n=2 or 3) in shoots and roots and the root-
desorbable Cd fraction (%, n=2 or 3, between parentheses) of 'shoot Cd excluders' and 'non-shoot 
Cd excluders', grown for 32 days on nutrient solution. Cadmium (10 and 30 /ig Cd L"1) was added 
14 days before harvest. Values given ± standard deviation. 
Shoot Cd Concentration Root Cd Concentration 
0.01 
Shoot Cd excluders 
B73 1.3+ 0.4 
H99 0.8± 0.2 
H96 2.0± 0.4 
Non-shoot Cd excluders 
B37 23.6± 3.7 
H98 13.9± 2.7 









114.8+ 4.3 (18.0+ 7.0) 343.5 (13) 
32.0± 3.2 (16.3± 8.1) 112.3 + 26.6 (15.7± 2.3) 
61.2+ 7.5 (n.d.)a) 128.4± 21.3 (n.d.) 
24.7+ 4.0 (3.7± 3.5) 49.9+9.6 (8.7± 4.7) 
25.4+3.5(3.0+2.7) 71.6+9.9 (9.3+1.2) 
30.4+ 2.9 (5.7± 5.1) 70.5+ 20.9 (10.3+ 3.2) 
a) n.d. : not determined. 
Discussion 
The maize inbred lines grown in Cd-containing nutrient solutions showed remarkable 
difference in shoot/root distribution of Cd (Table 5) and may be characterized according to 
earlier investigations (Florijn and Van Beusichem, 1993a) by 'shoot Cd excluders' and 'non-
shoot Cd excluders'. 
Shoot morphological parameters, like specific leaf area (SLA) and leaf area ratio (LAR) 
were similar for both groups of maize inbred lines, independent of Cd application (Table 2). 
In addition, no significant differences in the shoot/root ratio were obtained between both 
groups of inbreds (Table 2), and Cd application had no effect on dry matter yields (Florijn 
and Van Beusichem, 1993b). Therefore, shoot morphological parameters may not be involved 
in the variation in shoot Cd concentrations among the inbreds. Also the root parameters were 
not significantly different for 'shoot Cd excluders' and 'non-shoot Cd excluders' (Table 1). 
These observations in combination with the similarity in shoot/root ratio of both groups of 
inbreds (Table 2), provide circumstantial evidence for the absence of a definitive role of root 
morphological parameters and root growth in the explanation of the differential Cd 
distribution. The considerable variation in the distribution of Cd or more precise the ability 
to retain Cd in the roots, as observed by 'shoot Cd excluders', may therefore be attributed 
to differences in xylem loading and/or a dissimilar binding capacity of Cd outside or inside 
the root cell. 
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The Cd concentrations in the xylem sap of 'shoot Cd excluders' and 'non-shoot Cd 
excluders' differed significantly for each Cd treatment (Table 3). The roughly two-fold 
increase of the Cd concentrations in the xylem sap was also observed for the Cd 
concentrations in the shoots in this particular experiment. This suggests that Cd is hardly 
retranslocated in the maize plants. Senden and Wolterbeek (1990) suggested that 
complexation of Cd in the xylem sap may result in a higher efficiency of Cd transport, 
leading to elevated Cd levels in the leaves. Although a considerable variation of organic acid 
concentrations in the xylem exudates occurred between inbreds, no relationship between these 
concentrations and Cd concentrations in the xylem sap was observed (Table 3). Slightly 
higher organic acid concentrations were obtained after Cd application (Table 3). The 
concentrations of other elements in the xylem exudates of B73 and N28 were either similar 
or slightly different (Table 4). Furthermore, calculations of the equilibrium concentrations 
of Cd complexes with citrate and malate, revealed the negligible role of these complexes in 
Cd transfer. Only 0.01 to 0.1 % of the total Cd concentration was transported in a complexed 
form, because of the high Ca and Mg concentrations in the xylem sap (Table 4). From these 
calculations it may be concluded that Cd is transported in the xylem sap mainly as a free ion. 
This emphazises the minor role of Cd complexation in the explanation of the differences in 
xylem sap (or shoot) Cd concentrations of the inbreds. The xylem loading process is 
therefore of particular importance to explain the variation in Cd concentrations in the xylem 
sap. 
Cadmium adsorbed to the roots may be removed by a CaCl2 solution (Rauser, 1987). 
The maximum amounts of Cd were removed within 10 min, when roots of Cd-treated plants 
were exposed to a solution of 50 mM CaCl2 (Fig. 1). A similar period of time was reported 
by Rauser (1987) for roots of Agrostis and maize seedlings. Differences in Cd desorption 
between both groups of inbreds may partly be explained by the lower root Cd concentrations 
of 'non-shoot Cd excluders' compared to 'shoot Cd excluders' (Table 5). Only H99 did not 
support this explanation. At an external Cd concentration of 10 pg Cd L"1, root Cd 
concentrations of the 'non-shoot Cd excluders' were comparable to those of the 'shoot Cd 
excluder' H99. However, the amounts of Cd desorbed from roots of the 'non-shoot 
excluders' were about one third to one fifth of H99 (Table 5). Thus, at similar total root Cd 
concentrations, 'shoot Cd excluders' displayed a different exchange-ability compared to 'non-
shoot Cd excluders'. Another possible explanation of the differential Cd desorption may be 
found in the relative amounts of Cd adsorbed to the roots. Table 5 shows that 'shoot Cd 
excluders' desorb about 15% of the total amount of Cd of the roots and that this percentage 
was independent of the level of external Cd supply. The amounts of Cd desorbed from roots 
of the 'non-shoot Cd excluders' were much lower and increased from about 4% to 9% when 
the external Cd concentration was increased. Cadmium saturation of the media can not be 
the limiting factor to explain these differences between the inbreds (Fig. 1). This consistent 
difference clearly indicates that even at a similar Cd content of the roots the amounts of Cd 
adsorbed to structural tissues and probably the distribution within the roots is different 
between 'shoot Cd excluders' and 'non-shoot Cd excluders'. This part is currently being 
investigated in more detail. 
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Phytochelatin concentrations and binding state of Cd in roots of maize 
genotypes differing in shoot/root Cd partitioning 
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Zea mays L. 
Abbreviations: Cd = cadmium; PC = phytochelatin. 
Summary 
To investigate Cd binding in the root system as a possible cause of differential Cd 
distribution in maize inbred lines, Cd present in 'soluble' and 'insoluble pools' in roots of 
a 'shoot Cd excluder' (B73) and a 'non-shoot Cd excluder' (H98) was determined after 
extraction of the roots in HEPES buffer solution (pH 6.5). At a similar root Cd concentration 
(approximately 70 /xg Cd g1 dry wt.), about 49% of the Cd concentration in roots of H98 
but 25% of that in roots of B73 was removed during extraction ('soluble pool'). The acid-
soluble thiol concentrations in roots of the 'shoot Cd excluder' B73 were much lower 
compared to those of the 'non-shoot Cd excluder' H98. Exposure of B73 and H98 plants to 
the same Cd concentration in solution resulted in nearly equal acid-soluble thiol 
concentrations in the root extracts. Binding characteristics of Cd to structural components of 
the roots ('insoluble pool') were similar for both maize inbreds. The relationship between 
transport of Cd from roots to shoots and amounts of Cd complexed to acid-soluble thiol 
compounds in the 'soluble pool' of 'non-shoot Cd excluders' compared to 'shoot Cd 
excluders' is discussed. 
Introduction 
Cadmium (Cd) is easily taken up by plants and distributed over the various plant 
parts. In order to reduce the Cd load of the food chain, knowledge of the uptake mechanisms 
and distribution processes in plants is essential. Differences in these processes may affect the 
amounts of Cd entering the consumable plant parts. Uptake of Cd by different crop species 
and/or their varieties may vary considerably (Bogess et al., 1978; Hinesly et al., 1978; 
Marschner, 1983). Furthermore, differential transport of Cd from roots to shoots within 
crops was reported (Jarvis et al., 1976; John, 1973). 
In a previous paper we have shown that, based upon the internal Cd distribution, 
maize inbred lines may be devided into two main groups. In the first group ('shoot Cd 
excluders') Cd was accumulated in the roots with little transport to the shoots. In the second 
group ('non-shoot Cd excluders') Cd concentrations were nearly equal in shoots and roots 
(Florijn and Van Beusichem, 1993a). This pattern of distribution was not related to the 
amounts of Cd taken up and was independent of the type of rooting substrate, the 
environmental conditions and the growth stage of the plants (Florijn and Van Beusichem, 
1993a, 1993b). It was also not related to morphological characteristics of plant organs 
(Florijn et al., 1993). Cadmium concentrations in the xylem saps were much lower for 'shoot 
Cd excluders' compared to 'non-shoot Cd excluders'. Redistribution of Cd in the phloem is 
believed to be of minor importance (Florijn et al., 1992; Florijn et al., 1993b). The 
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physiological basis of the differential distribution of Cd within the maize inbred lines is 
unknown, but must be located within the roots. The mobility of Cd in roots of 'non-shoot 
Cd excluders' are probably higher compared to the 'shoot Cd excluders', so that it is more 
easily transported to the xylem vessels. 
The mobility of Cd in roots may depend on the location and binding state of extra-
and/or intracellularly Cd. Cadmium may be adsorbed to root cell walls (Nishizono et al., 
1987, 1989), chelated by root exudates (Mench et al., 1988; Mench and Martin, 1991) or 
immobilized in the cell walls (Cumming and Taylor, 1990). Differences in adsorption of Cd 
to the roots of 'shoot Cd excluders' and 'non-shoot Cd excluders' have been observed. 'Shoot 
Cd excluders' adsorbed about 17% of the total Cd amount of the roots, in contrast to about 
4 to 9% of 'non-shoot Cd excluders', at nearly equal root Cd concentrations (Florijn et al., 
1993). 
Intracellular Cd may be associated to membranes and structural compounds, deposited 
as so-called 'granules' (Rauser and Ackerley, 1987) or chelated to organic acids (Wagner and 
Krotz, 1989). Another important mechanism is the synthesis of metal-binding peptides 
(poly(-y-EC)nG's or phytochelatins) from glutathione (Rauser, 1990). Cadmium has been 
shown to induce the enzyme phytochelatin synthase (7-glutamylcysteine dipeptidyl 
transpeptidase) to synthesize these phytochelatins (Grill et al., 1989). Although phytochelatins 
may be present in both the cytoplasm and vacuole (Ernst et al., 1992), their fate and exact 
function in the plant is still unclear. Probably, Cd-phytochelatin complexes have a transient 
function in cell detoxification (Ernst et al., 1992; Steffens, 1990). 
In the present paper, the question is addressed whether the apparent differential 
mobility of Cd in roots of 'shoot Cd excluders' and 'non-shoot Cd excluders' can be made 
evident with extraction procedures and whether it is related to a differential induction of 
phytochelatins. 
Materials and methods 
Plant material 
Two maize inbred lines designed earlier as a 'shoot Cd excluder' (B73) and a 'non-
shoot Cd excluder' (H98), were grown in a growth chamber (20 °C, dew point 17.7 °C). 
They were illuminated at an intensity of 140 W m2 by HPL comfort and Son-T lamps for 
16 h d"1. Four seedlings of an inbred were fixed in a plastic disk and transferred to a 50-L 
container, giving six disks of each of the two inbreds on each container. Plants were grown 
in aerated flowing nutrient solutions (Florijn and Van Beusichem, 1993a) with FeS04 (10 
fiM) instead of FeEDTA; FeS04 was added daily. After ten days, the FeS04 supply was 
increased to 20 fiM for seven days and then to 30 fiM for the rest of the experiment. Nutrient 
solutions were renewed eight days after the start of the experiment and then every four days 
until harvest. Solution pH was kept constant at 5.50 ± 0.10 by an automatic titration 
equipment. Cadmium (as CdCl2) was added to the nutrient solutions 18 days after transfer 
of the plants and Cd concentrations were adjusted daily to initial values. Two water culture 
experiments were carried out. In the first experiment, plants were exposed to two Cd 
concentrations in solution (10 and 30 /xg Cd L"1) and a control and harvested 30 days after 
transfer to the nutrient solutions. In another experiment, three Cd concentrations (10, 30 and 
50 fig Cd L"1) and a control were used. Plants were harvested 24 days after transfer. Shoots 
and subsamples of roots were dried after harvest at 70°C for 24 h, weighed and ground. 
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Root pretreatment 
Roots were washed for one minute in demineralized water to remove ions from the free 
space, blotted dry between tissue and frozen by either liquid nitrogen or a freezer. Root 
material was lyophilized, ground by a stainless steel grinder and stored dry. Subsamples of 
ground roots (50 mg) were extracted in HEPES buffer solution pH 6.5 (10 vaM, 8 mL), 
stirred thoroughly for five seconds and centrifuged at 10.000 g for 10 min. Roots were once 
extracted, unless otherwise stated. In the experiments with successive extractions, six mL of 
the supernatant was removed after each centrifugation and replaced by another six mL 
HEPES solution (pH 6.5) or by different ZnCl2 concentrations (0.01, 0.10, 1.00, 10.00 vaM) 
in HEPES 6.5. Similar experiments with concentrations of CaCl2 (10 vaM) or NaCl (50 vaM) 
instead of ZnCl2 were carried out. All values are the means of at least two replicates. 
Proton/ hydroxyl titration 
One gram of ground roots, one time extracted in HEPES 6.5, was added to 250 mL 
HEPES buffer solution (10 vaM, pH 6.5) and continuously stirred by a magnetic stirrer. N2 
gas was blown over the solution to keep the titration environment free of 02 and C02. The 
solution was titrated with 200 vaM HCl from pH 6.5 to 3.0 followed by a titration with 200 
vaM NaOH from pH 3.0 to 10.0. Subsamples of 1 mL were taken regularly to determine the 
Cd concentration in solution. 
Thiol determinations 
Thiol determinations were carried out according to De Vos et al. (1992). Roots (30 mg 
dry wt.) were homogenized in 2 mL of a solution of 5% (w/v) sulfosalicylic acid and 6.3 
vaM diethylenetriaminepentaacetic acid (Titriplex V) with quartz sand in a mortar with pestle. 
The homogenate was centrifuged at 10.000 g for 10 min. After centrifugation the supernatant 
was filtered by a 0.2 jum milipore filter and stored in ice. Thiol measurements were carried 
out immediately after preparation. Thiols were eluted from a C18 reversed-phase HPLC 
column with a 0 to 20 % acetonitril/water + 0.1 % trifluoroacetic acid gradient, between 
4 and 20 min of the chromatogram. The separated thiols were measured after post-column 
derivatization with 5,5'-dithio (2-nitrobenzoic) acid (DTNB, 10 vaM). Phytochelatin 
identification was based on the similarity in retention time of detected peaks and characterised 
PC's in Silene vulgaris (De Knecht et al., 1993). 
Determinations of total acid-soluble thiols in roots were carried out 
spectrophotometrically. After homogenization of the root samples in the sulfosalicylic 
acid/Titriplex V solution and centrifugation (10.000 g, 10 min.), 0.9 mL of the supernatant 
was mixed with 1.89 mL K2HP04 (0.5 M). Two min after the addition of 75 (A DTNB (10 
vaM), the absorption was read at 412 nm. Values were corrected for the absorbance of 
supernatant, K2HP04 and DTNB and calculated using the molecular extinction coefficient 
(e412= 13.600). 
Cadmium determinations 
Cadmium concentrations of shoots and roots were determined by Atomic Absorption 
Spectrometry (AAS) after digestion in a HN03-HC104-H2S04 mixture, as described 
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previously (Florijn et al., 1991; Florijn and Van Beusichem, 1993a). The Cd concentrations 
in HEPES 6.5 and nutrient solutions were determined by AAS. Prior to measurement 4.5 mL 
samples were acidified with 0.5 mL 0.8 M H2S04. 
Results 
In Figure 1, the Cd concentrations in roots of the 'shoot Cd excluder' (B73) and the 
'non-shoot Cd excluder' (H98) with nearly equal initial root Cd concentrations (H98: 70 pg 
Cd g1 dry wt., B73: 66.2 pg Cd g1 dry wt.), are presented during five successive extractions 
in HEPES buffer solution (pH 6.5). During the first extraction, 34.4 + 1.4 /xg Cd g"1 dry 
wt. («=20, corresponding to 49%) of the initial Cd concentration in the roots could be 
extracted from roots of H98, but only 16.6 ± 0.4 pg Cd g"1 dry wt. (n=20, corresponding 
to 25%) of that from roots of B73. The loss of Cd in the following extractions was negligible 
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Fig. 1. Cadmium concentrations (/ig Cd g ' dry wt.) in roots of B73 ('shoot Cd excluder') and H98 
('non-shoot Cd excluder') with nearly equal root Cd concentrations after five successive extractions 
with HEPES 6.5. 
To investigate the binding characteristics of Cd in roots of B73 and H98 after removal 
of the 'soluble pool', i.e. after the first extraction, increasing ZnCl2 amounts were added to 
the HEPES 6.5 buffer solution in the second and following extractions. In parallel titration 
experiments, the percentage of reduction of Cd present in the 'insoluble pool' was assessed; 
data were derived from up-scale titration from pH 3.0 to pH 10.0. The results of both 
exchange experiments are summarized in Table 1. The amounts of Cd removed from the 
roots were highest at the highest ZnCl2 concentrations in the buffer solution. The effects of 
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Table 1. Percent reduction of the Cd concentration in roots" after the first extraction of B73 and H98 
at successive extractions with different ZnCl2 concentrations (mM) in HEPES 6.5 and at different 
solution pH. 
B73 % reduction 
ZnCL concentration 
0.01 0.10 1.00 10.00 
pH 
3.0 6.0 10.0 
34.7 2.3 0.4 
H98 % reduction 
ZnCl2 concentration 









































3.0 6.0 10.0 
37.7 1.2 0.3 
" Initial Cd concentration of the roots: B73: 66.2 ng Cd g"1 dry wt., H98: 70.0 /*g Cd g"1 dry wt. 
Root Cd concentration after the first extraction without ZnCl2: B73: 45.2 pg Cd g1 dry wt., H98: 
32.9 /tg Cd g ' dry wt. 
Table 2. Concentrations (jimol g ' dry wt.) of total acid-soluble thiols in the root extracts of the 'shoot 
Cd excluder' B73 and the 'non-shoot Cd excluder' H98, before (-) and after (+) extraction with 
HEPES 6.5 (experiment 2). 































ZnCl2 additions were equal for both B73 and H98. Similar proportions of Cd were removed 
from roots of both inbreds by H+/Cd2+ exchange. About one third of the Cd present in the 
'insoluble pool' was removed at a solution pH lower than 6.0; between pH 6.0 and pH 10.0 
the amounts of exchangeable Cd were negligible for both inbreds. 
The effects of root extraction with HEPES 6.5 on the concentrations of total acid-
soluble thiols of the two inbreds grown at different Cd concentrations in solution, is shown 
in Table 2. Thiol concentrations in roots of both inbreds were strongly reduced (about 80-
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Fig. 2. Reversed-phase HPLC profiles of crude root extracts of a 'shoot Cd excluder' B73 and a 
'non-shoot Cd excluder' H98, grown for 30 days on nutrient solution culture. Cadmium (30 fig Cd 
L1) was added 12 days before harvest. The elution position of free cysteine (1), reduced glutathione 
(2), PC2 (3), PC3 (4) and PC4 (5) are marked in the profiles. 
Reversed-phase HPLC profiles of acid-soluble thiols in root extracts of the 'shoot Cd 
excluder'(B73) and the 'non-shoot Cd excluder' (H98), grown in a Cd containing (30 jug Cd 
L"1) nutrient solution, are presented in Figure 2. The very high peak at 4 min did not 
represent thiol groups. The number of peaks of acid-soluble thiols in the profiles of the root 
extracts was equal for the two inbreds. No gross differences in peak height and peak area 
were observed. Phytochelatins (poly(7-EC)nG; n=2 to 4) were detected in the extracts of 
both inbreds (Fig. 2). 
Table 3 presents the Cd concentrations in roots and the concentrations of total acid-
soluble thiols, cysteine, reduced glutathione and phytochelatins in crude extracts of roots of 
the inbreds H98 and B73 grown at different levels of Cd supply. Total thiol concentrations 
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Table 3. Concentrations of Cd 0*g Cd g ' dry wt.), total acid-soluble thiols (HPLC), free cysteine, 
reduced glutathione and phytochelatins (/amol g ' dry wt.) in roots of maize inbreds ('shoot Cd 
excluder'B73, 'non-shoot Cd excluder' H98) grown for 32 days (exp. 1) or 24 days (exp.2) on 
nutrient solution at a different Cd supply. Cadmium was added 14 days after transfer of the plants 
to the nutrient solution. 
































































Non-shoot Cd excluder H98 
50 70.0 19.0 0.3 2.6 0.7 0.7 0.4 
" n.d. not detectable. 
of the two inbreds were nearly equal at similar Cd concentrations and increased at higher Cd 
levels in solution (experiment 1). Cysteine concentrations remained constant, while 
concentrations of reduced glutathione were lower at a higher Cd supply. Apparently, Cd 
stimulated the production of phytochelatins in both inbreds. At equal root Cd concentrations 
(experiment 2), reduced glutathione concentrations were much lower in roots of the 'non-
shoot Cd excluder' H98 compared to the 'shoot Cd excluder' B73, probably related to the 
opposite pattern in the production of the other acid-soluble thiols. 
Discussion 
The 'soluble pool' of Cd is easily removed from roots of both the 'shoot Cd excluder' 
B73 and the 'non-shoot Cd excluder' H98 during the first extraction, but successive 
extractions did hardly remove any more Cd (Fig. 1). This shows that the extractable portion 
is a distinct fraction of the total amount of Cd in the roots. Weigel and Jäger (1980) reported 
that only traces of Cd can be detected as free ions in root cells. Our preliminary experiments 
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revealed that free Cd-ions in the HEPES 6.5 buffer solution supplied during extraction of Cd-
free roots of the two inbreds, were strongly bound to the roots. Thus, the Cd present in the 
'soluble pool' probably consists of Cd complexed by any endogenous chelator. 
According to our results (Fig. 1) the endogenous chelator should be more abundant in 
roots of the 'non-shoot Cd excluder' H98 compared to the 'shoot Cd excluder' B73, because 
at a nearly equal total concentration of Cd the 'soluble pool' of H98 was about twice that of 
B73. The greater solubility of Cd in the roots of H98 would be in line with the observed 
higher mobility in vivo of Cd and the higher concentrations of Cd in the xylem saps of this 
inbred (Florijn et al., 1993). The Cd-complex should therefore be present in the cytoplasm 
rather than in the vacuole of the root cells. 
Organic acids have been proposed as possible vacuolar chelates in plants (Godbold et 
al., 1984; Kishinami and Widholm, 1986). However, no major differences in both malic and 
citric acid concentrations in the roots between the two inbreds (data not shown) were 
observed. In addition, a minor role of organic acids in the differential transport of Cd from 
roots to shoots in maize inbred lines was suggested by Florijn et al. (1993) when 
investigating the complexation of Cd and organic acids in the xylem sap. Therefore, organic 
acids are probably not related to the differential Cd distribution of 'shoot Cd excluders' and 
'non-shoot Cd excluders'. 
A close correlation exists between the Cd taken up by root cells and the induction of 
the enzyme phytochelatin synthase to form metal-binding peptides from glutathione (Grill et 
al., 1989). Rüegsegger and Brunold (1992) showed that maize roots were at least in part 
autonomous in providing the additional thiols required for phytochelatin synthesis induced 
by Cd. In our study the small peak (PQ) observed in the profiles of the control plants (Table 
3) is probably due to copper and/or zinc, both present in the nutrient solutions and able to 
induce phytochelatin synthase (Grill et al., 1987). Concentrations of glutathione (GSH), the 
precursor of PC, were lower at Cd exposure, while all other peaks, common for both inbreds 
were enhanced. In the present experiments, phytochelatins of the second to the fourth order 
were detected. The identities of the other thiol peaks in the profiles (Fig. 2) are unknown. 
The occurrence of unknown peaks in the HPLC profile, other than PC's was also reported 
by Tukendorf and Rauser (1990) when comparing mature root segments of maize seedlings 
to segments belonging to the apical root region. This part is currently investigated. 
Acid-soluble thiols are easily extracted from the roots (Table 2). At nearly equal total 
root Cd concentrations, the concentrations of acid-soluble thiols of the 'non-shoot Cd 
excluder' H98 were about twice as high compared to the 'shoot Cd excluder' B73 (Table 3, 
experiment 2). The amounts of Cd present in the 'soluble pool' of H98 were also twice as 
high compared to those of B73 (Fig. 1). The relationship between the Cd extracted from the 
roots and the total concentration of acid-soluble thiols removed after the first extraction is 
obvious, suggesting a complexation of Cd by thiol-containing compounds and especially 
PC's. The presence of metal-binding complexes in HEPES 6.5 extracts have been reported 
by Thurman et al. (1989) and Freedman et al. (1989). 
Exposure of the 'non-shoot Cd excluder' H98 and the 'shoot Cd excluder' B73 to the 
same Cd concentration in solution resulted in equal concentrations of total acid-soluble thiols 
in the root extracts (Fig. 2, Table 3), although the Cd concentrations in roots of H98 were 
much lower compared to B73 (Table 3). Because the level of PC production is positively 
correlated to the Cd concentration in the roots, high levels of PC's were expected at high 
root Cd concentrations. In addition, high order phytochelatins are able to bind more Cd 
(Delhaize et al., 1989). However, the HPLC profiles of the roots of both inbreds were 
similar (Fig. 2, Table 3). Therefore, the cytosolic Cd concentration and in turn PC synthesis 
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should be effectively regulated by another process in the root cells, e.g. binding to structural 
components and/or intracellular compartmentation. We were not able to detect any significant 
difference in the binding properties of Cd present in the 'insoluble pool' of the two inbreds, 
by the addition of other ions. Different ZnCl2 concentrations in HEPES and a different pH 
of the solution removed nearly equal percentages of Cd from the roots of both inbreds (Table 
1). A similar pattern was obtained when CaCl2 (10 mAf) or NaCl (50 raM) were used instead 
of ZnCl2 (data not shown). Therefore, the higher amounts of Cd in the 'soluble pool' of H98 
compared to B73, as observed in Figure 1, were probably not caused by differences in 
binding of Cd to structural cell tissues or to other compounds. Another aspect not be 
excluded is that at a similar total root Cd concentration, lower Cd concentrations may occur 
in the cytoplasm of the 'shoot Cd excluders' compared to the 'non-shoot Cd excluders' as 
a result of a higher loading rate of the vacuole. Consequently due to this lower cytoplasmic 
Cd concentration, lower amounts of PC's are synthesized. Moreover, a differential activity 
of the enzyme phytochelatin synthase in the roots of the two inbreds with similar total root 
Cd concentrations also explains the PC production of the inbreds. The partitioning of Cd 
between cytoplasm and vacuole is thus essential to relate the amounts of Cd present in a 
soluble form in the cytoplasm to the differential Cd distribution in the maize inbred lines. 
In our experiments, phytochelatins could be determined in maize inbreds exposed to 
10 to 50 fig Cd L"1 for a relative short period of time. This suggests that the metal-binding 
peptides may occur in maize grown in moderately polluted agricultural soils (Wagner and 
Krotz, 1989) and are present to detoxify the Cd taken up. A similar conclusion was drawn 
by Tukendorf and Rauser (1990) in their study on maize seedlings. 
Soluble Cd-containing complexes in the cytoplasm may be involved in the transport of 
the metal from root to shoot, as was concluded from enhanced internal transport of Cd after 
simultaneous uptake of Cd and EDTA by tomato plants (Wolterbeek et al., 1988). The higher 
amounts of soluble Cd-phytochelatin complexes in the roots of H98 compared to B73 is in 
accordance with the higher mobility of Cd and its higher transport rate from root to shoot. 
So far, Cd-PC complexes have not been detected in xylem saps of plants. Therefore, it 
remains to be investigated whether the differential response of PC-production to Cd in the 
inbreds is sufficient to explain the shoot/root Cd partitioning of 'shoot Cd excluders' 
compared to 'non-shoot Cd excluders'. 
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In this Chapter the main findings of this thesis are discussed and integrated. Tentative 
models for uptake, transport and distribution of Cd by maize inbred lines are presented. 
Effects of external factors on Cd uptake 
Soil pH and organic matter affect the Cd availability in the soil solution. In soil, Cd 
uptake is enhanced at a lower pH as a result of increased bio-availability of the trace element 
(Street et al., 1978). Lowering the pH in solution culture results in a decrease in Cd uptake 
(Hatch et al., 1988) probably due to competition with H-ions. The effect of lowering the pH 
in solution on the Cd concentration in the plant was confirmed by the results obtained in 
Chapter 5. 
Plants can change the rhizosphere pH as a result of ion uptake processes. In the case 
of the uptake of excess cations over anions, intracellular electroneutrality is maintained by 
extrusion of H-ions into the medium; excess uptake of nutrient anions over cations resuls in 
a net OH extrusion (Van Beusichem, 1984). The H/OH efflux balance of the plant is 
particularly related to N03 or NH4 nutrition (Van Beusichem et al., 1988). Rhizosphere 
acidification after NH4 uptake results in an increased bio-availability of Cd in the soil solution 
and a subsequent enhanced Cd uptake from sludge-amended soil; nitrate nutrition shows a 
reverse pattern (Eriksson, 1990; Dijkshoorn et al., 1983). In our experiments with lettuce 
varieties (Chapter 3) it was shown that the form of N nutrition can also directly affect the 
amounts of Cd taken up. Furthermore, according to Ikeda and Osawa (1981), plants can 
absorb preferentially either NH4-N or N03-N from a mixed NHt/N03 solution. When 
growing plants in Cd contaminated and/or industrial areas, special care should therefore be 
taken to the applied form of fertilizer-N and to plant-specific characteristics with respect to 
preference for inorganic N sources. 
Cadmium partitioning in plant species 
Plant species may differ considerably in Cd partitioning between shoots and roots 
(Fig. 1). Lettuce retained in the roots about 43 percent of the total amount taken up while 
in cocksfoot it was as high as 87 percent (Jarvis et al., 1976). Differential distribution of Cd 
can also be observed within a single species i.e. maize (Fig. 2; Chapter 4). In the study of 
the physiological basis of the variation in Cd distribution, related plant species or varieties 
of the same species should be used preferentially to avoid interference of plant characteristics 
such as uptake patterns or growth rate not related to the Cd distribution process. Lettuce 
varieties and in particular maize inbred lines that are genetically homozygote, can be useful 
in this respect. 
In lettuce the Cd taken up is predominantly translocated to the shoots (John, 1973; 
Jarvis et al., 1976; Hatch et al., 1988; Chapters 2 and 3). In contrast to earlier reports (John 
and Van Laerhoven (1976), reviewed by Marschner (1983)) we were not able to create major 
genotypic variation in shoot Cd concentrations in lettuce varieties, even not when authentical 




Fig. 1. Cadmium concentrations (/ig Cd g'1 dry wt.) in shoots and roots of various plant species, 
grown on nutrient solution with 10 /ig L"1 Cd, and harvested 7 days after Cd addition to the solution. 
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Fig. 2. Cadmium concentrations (/ig Cd g"1 dry wt.) in shoots and roots of maize inbred lines, grown 
for 20 days on nutrient solution (pH 5.50). Cadmium (10 /tg L') was added 11 days before harvest. 
Data from Chapter 4. 
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of lettuce varieties has also been reported by other authors (Crews and Davies, 1985; Yuran 
and Harrison, 1986). 
In contrast to lettuce, maize inbred lines showed a considerable variation in Cd 
concentrations in the shoots (Chapter 4), confirming the findings of Hinesly et al. (1978). 
These variation in shoot Cd concentrations depends on the ability of the roots to retain Cd. 
It was proposed to categorize the inbreds in two main groups. The first group of inbreds that 
had low Cd concentrations in the shoots apparently prevented the transfer of Cd from roots 
to shoots and was designated 'shoot Cd excluders'. The other group, with similar shoot and 
root Cd concentrations, probably missed the mechanisms to retain Cd in the roots and was 
designated 'non-shoot Cd excluders' (Chapter 4). The observed variation in Cd 
concentrations in the shoots of both groups of maize inbreds while whole-plant Cd uptake 
was similar demonstrates that internal distribution rather than whole-plant uptake is related 
to the variation in shoot Cd concentrations. Because the characterisation of the inbreds is 
based on the internal distribution of Cd, the terms 'shoot Cd excluder' and 'non-shoot Cd 
excluder' are preferred above the terms 'excluder' and 'accumulator', respectively (Hinesly 
etal., 1978; Baker, 1981). 
The Cd distribution in lettuce and maize was shown to be independent of external 
factors like pH, level of Cd supply, and growth under either greenhouse or growth chamber 
conditions. Rooting media (soil or nutrient solution) or the form of N nutrition did also not 
affect the Cd distribution (Chapters 3, 4, and 5). Although a genotypic basis of the 
differential Cd translocation in plants is generally the rule, phenotypic factors may also 
determine the Cd partitioning (Baker et al., 1986). Breeding experiments with some of the 
maize inbreds confirmed the genetic basis of the variation in Cd concentration (Hinesly et 
al., 1982). The similar ranking in shoot Cd concentrations of the inbreds grown on different 
growing substrates further support the genetic basis (Chapter 4). No relationship between the 
morphological characteristics of shoots or roots and Cd partitioning could be assessed 
(Chapter 6). 
Intracellular Cd partitioning in roots 
The characteristics of the roots were shown to determine the Cd distribution pattern 
(Chapters 6 and 7). Once the Cd is loaded into the xylem the Cd distribution is further 
regulated by xylem flux (Chapter 4) and xylem sap constituents (Chapters 5 and 6). 
Retranslocation by the phloem probably did not have a serious influence on Cd distribution, 
neither in lettuce (Chapter 3) nor in maize (Chapter 6). Detailed investigations of Cd 
partitioning in (lettuce) plants showed the following sequence of Cd partitioning: new roots > 
old roots > stem= old leaves > young leaves (Adriano, 1986; Chapter 3; unpubl. data). 
In Chapter 7, further investigations to characterize the physiological basis of the 
differential distribution of Cd in maize inbreds are reported. Different extraction procedures 
showed that more Cd was associated with structural components of the roots of the 'shoot 
Cd excluder' B73, compared to the 'non-shoot Cd excluder' H98. It was suggested that root-
extractable Cd may be complexed by metal-binding polypeptides (Chapter 7). The size of this 
'soluble pool' of Cd may determine the amounts of Cd loaded into the xylem and 
consequently the transfer of Cd to the shoots. The results of the differential Cd distribution 
pattern of 'shoot Cd excluders' and 'non-shoot Cd excluders' can be summarized in a 
tentative model (Fig. 3). In this model, representatives of both groups of inbreds are exposed 
to a similar Cd level. The 'shoot Cd excluder' adsorbs higher amounts of Cd to the cell walls 
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Fig. 3. Tentative model of the physiological basis of the Cd distribution in 'shoot Cd excluders' and 
'non-shoot Cd excluders'. 
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of the roots compared to the 'non-shoot Cd excluder' (1). Higher amounts of Cd taken up 
are either compartmentized (probably in the vacuoles) or associated to structural cell 
components (2) by the 'shoot Cd excluder' compared to the 'non-shoot Cd excluder'. The 
remaining free Cd-ions induce the enzyme phytochelatin synthase to synthesize metal-binding 
polypeptides (phytochelatins, PC's). Cadmium is detoxified by forming complexes with PC's 
and remains in the cytoplasm as a complex in a soluble form (3). These mobile Cd-PC 
complexes are available for (symplasmic) transport to the xylem vessels. So far, no Cd-PC 
complexes have been detected in the xylem sap. Therefore, the complex should dissociate 
at the xylem boundaries (4); Cd is either actively or passively loaded into the xylem sap and 
transported to the shoots (5), while the PC's are re-used or broken down. In further research, 
the soluble pool of Cd complexes should be unequivocally identified and its relationship with 
the partitioning of Cd should be established, extending the number of typical 'shoot Cd 
excluders' and 'non-shoot Cd excluders'. 
The maize inbreds as a reference guide? 
The maize inbred lines investigated in the present study can in principle be used as 
references to characterize maize varieties grown on Cd-contaminated soils. Some pertinent 
its 3: S 8! *•* O *0 
Maize Inbred Lines Maize Varieties 
Fig. 4. Cadmium concentrations (/ig Cd g-1 dry wt.) in shoots of 3 Dutch maize varieties and 9 maize 
inbred lines, grown for 37 days on a sewage sludge-amended soil. Soil characteristics: pH-KCl 5.4; 
Organic C 3 %; Cd (0.01 M CaClJ: 1.31 ng gl dry soil; Maximum water holding capacity: 390 ml 
kg"1 dry soil. 
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preliminary investigations have been accomplished (Fig. 4). Three maize varieties in use in 
the Netherlands ('Sonia', 'Brutus', and 'Splenda') were grown on sewage sludge-amended 
soil, together with the 'shoot Cd excluders' B73, Va26, and H99 and the 'non-shoot Cd 
excluders' H98, B37, and N28. The study also included the 'intermediate' inbreds A632, 
H100, and B14 that are genetically related to the two mentioned groups. Details about 
sewage-sludge composition and sludge application rates have been reported previously 
(Hemkes et al., 1980). Shoot Cd concentrations of the Dutch maize varieties were low and 
in the same range as that of the 'shoot Cd excluders' group. Whether this pattern is a general 
rule for maize varieties has to be investigated in detail. 
References 
Adriano D C 1986 Cadmium In. Trace Elements in the Terrestrial Environment, pp. 106-155. 
Springer-Verlag, New York, Berlin, Heidelberg, Tokyo. 
Baker A J M 1981 Accumulators and excluders - strategies in the response of plants to heavy metals. 
J. Plant Nutr. 3,643-654. 
Baker A J M, Grant C J, Martin M H, Shaw S C and Whitebrook J 1986 Induction and loss of 
cadmium tolerance in Holcus lanatus L. and other grasses. New Phytol. 102,575-587. 
Crews H M and Davies D W 1985 Heavy metal uptake from contaminated soils by six varieties of 
lettuce (Lactuca sativa L.). J. Agric. Sei. 105,591-595. 
Dijkshoorn W, Lampe J E M and Van Broekhoven L W 1983 Effect of soil pH and ammonium and 
nitrate treatments on heavy metals in ryegrass from sludge-amended soil. Neth. J. Agric. Sei. 
31,181-188. 
Eriksson J E 1990 Effects of nitrogen-containing fertilizers on solubility and plant uptake of cadmium. 
Water Air Soil Poll. 49,245-253. 
Hatch D J, Jones L H P and Burau R G 1988 The effect of pH on the uptake of cadmium by four 
' plant species grown in flowing solution culture. Plant Soil 105,121-126. 
Hemkes O J, Kemp A and Van Broekhoven L W 1980 Accumulation of heavy metals in the soil due 
to annual dressings with sewage sludge. Neth. J. Agric. Sei. 28,228-237. 
Hinesly T D, Alexander D E, Ziegler E L and Barrett G L 1978 Zinc and cadmium accumulation by 
corn inbreds grown on sludge-amended soil. Agron. J. 70,425-428. 
Hinesly T D, Alexander D E, Redborg K E and Ziegler E L 1982 Differential accumulations of 
cadmium and zinc by corn hybrids grown on soil amended with sewage sludge. Agron. J. 
74,469-474. 
Ikeda H and Osawa T 1981 Nitrate- and ammonium-N absorption by vegetables from nutrient solution 
containing ammonium nitrate and the resultant change of solution pH. J. Jap. Soc. Hort. Sei. 
50,225-230. 
Jarvis S C, Jones L H P and Hopper M J 1976 Cadmium uptake from solution by plants and its 
transport from roots to shoots. Plant Soil 44,179-191. 
John M K 1973 Cadmium uptake by eight food crops as influenced by various soil levels of cadmium. 
Environ. Pollut. 4,7-15. 
John M K and Van Laerhoven C J 1976 Differential effects of cadmium on lettuce varieties. Environ. 
Pollut. 10,163-173. 
Marschner H 1983 General introduction to the mineral nutrition of plants. In. Inorganic Plant 
Nutrition. Encyclopedia of Plant Physiology, New Ser. Vol. 15B. Eds. A Läuchli and R L 
Bieleski. pp. 5-60. Springer-Verlag, New York, Berlin, Heidelberg, Tokyo. 
Street, J J, Sabey B R and Lindsay W L 1978 Influence of pH, phosphorus, cadmium, sewage sludge, 
and incubation time on the solubility and plant uptake of cadmium. J. Environ. Quality 7,286-
290. 
98 
Van Beusichem M L 1984 Non-ionic nitrogen nutrition of plants: Nutrient uptake and assimilation 
and proton extrusion during utilization of urea or symbiotically fixed nitrogen. Doctoral 
thesis. Wageningen Agricultural University, The Netherlands. 141 pp. 
Van Beusichem M L, Kirkby E A and Baas R 1988 Influence of nitrate and ammonium nutrition on 
the uptake, assimilation, and distribution of nutrients in Ricinus communis. Plant Physiol. 
86,914-921. 
Yuran G T and Harrison H C 1986 Effects of genotype and sewage sludge on cadmium concentration 




Cadmium (Cd) is a non-essential element, classed as an environmental pollutant and 
belonging to a group of metals frequently referred to as 'heavy metals'. Food chain 
contamination from accumulation of Cd in soil may become a serious threat to man. Plants 
can take up Cd easily and transport it to the different organs. Accumulation in the edible 
parts of vegetables and subsequent intake by humans can cause a real danger for functioning 
of body organs, such as kidney and liver. 
One possible way to reduce the amounts of Cd entering the food chain will be the 
regulation of Cd bio-availability in soils. An alternative strategy will be the use and/or 
development of species which do not take up appreciable amounts of Cd or retain absorbed 
Cd predominantly in the roots. Both, inter- and intraspecific differences in Cd uptake and 
distribution have been reported for economically important crops. 
The objective of this thesis was to elucidate the physiological and/or morphological 
basis of the genotypic variation in uptake and distribution of Cd in lettuce (Lactuca sativa 
L.) varieties and maize (Zea mays L.) inbred lines. The experiments were carried out in 
either a growth chamber or a greenhouse, using nutrient solution and/or soil as rooting 
medium. 
In the introductory Chapter, a brief outline of Cd detoxification and sequestration in 
plants is given. In Chapter 2, the results are presented of an experiment with 16 
commercially available lettuce varieties, grown on a in situ Cd-contaminated sandy soil from 
an area contaminated in the past by a zinc smelter. Growth and Cd uptake were compared 
with that of plants grown on soil from a non-contaminated area. Fresh and dry yields of 
shoots and roots were hardly affected by the amounts of Cd taken up. The absorbed Cd was 
predominantly transferred to the aerial plant parts in all varieties. In contrast to published 
data, the genotypic variation in Cd uptake and distribution within the lettuce varieties was 
limited. Therefore, it was tried to reproduce the variation in plant Cd concentration as was 
initially reported in the literature, as the first step towards detailed physiological 
investigations on Cd uptake and distribution (Chapter 2). However, repetition of the 
authentical experiments showed again the narrow range in genotypic variation in shoot Cd 
concentrations among varieties. It was concluded that the original data about the existence 
of a huge variation in shoot Cd concentrations of lettuce varieties should at least thoroughly 
be re-evaluated. 
In order to investigate to what extent the form of N nutrition can modify the uptake 
and distribution of Cd in lettuce varieties, plants were grown in nutrient solution at constant 
pH and either N03 or NH4 nutrition (Chapter 3). Four lettuce varieties with a differential 
shoot/root Cd partitioning and showing different growth responses to N03 or NH4 nutrition, 
were used in the experiments. The distribution of Cd in the lettuce varieties was independent 
of the form of N nutrition and no effects on the variation in Cd distribution among the 
varieties were observed. It was shown that Cd is hardly redistributed in the plant. Cadmium 
concentrations in shoots (and roots) of plants grown on NH, were significantly higher than 
in plants grown on N03, although the solution pH was kept constant using an automatic 
titration system. Because lettuce preferentially absorbs NH4-N over N03-N from a mixed 
NH4/N03 solution, Cd uptake by lettuce may be enhanced due to both rhizosphere pH effects 
as a consequence of the H/OH uptake balance and to the direct effects of the form of N at 
the binding sites of the roots. 
The great variability in Cd uptake among 19 maize inbred lines as reported in 
literature, was confirmed in both a pot experiment and in nutrient solution culture (Chapter 
4). A large genotypic variation in shoot Cd concentrations of the inbreds was observed, 
showing a similar ranking for the Cd concentrations in the shoots for both growth media. The 
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major part of the variation in the Cd concentrations of the shoots was due to a differential 
shoot/root partitioning, rather than to a differential whole-plant uptake. Two main groups of 
inbreds were distinguished: a group with low shoot, but high root Cd concentrations ('shoot 
Cd excluders') and a group with nearly equal shoot and root Cd concentrations ('non-shoot 
Cd excluders') (Chapter 4). Zinc, a micronutrient chemically related to Cd, showed a similar 
distribution pattern for all maize inbreds. The huge discrepancy in the internal distribution 
between Cd and Zn emphasizes the specificity of Cd distribution in maize inbred lines. 
The effects of external factors, like pH and level of Cd supply, on the uptake and 
distribution of Cd in the two groups of maize inbred lines were studied in Chapter 5. 
Especially the degree of consistency of the variation in Cd distribution was investigated. The 
characterization of the inbreds in 'shoot Cd excluders' and 'non-shoot Cd excluders', based 
on their shoot/root partitioning of Cd, was consistent and independent of pH or level of Cd 
supply. Generally, there was a positive correlation between the Cd concentrations in shoots 
and xylem exudates of the inbred lines. The Cd concentration in the roots is particularly 
important in the Cd distribution process. Above a 'critical' internal Cd concentration in the 
roots, specific for each inbred, the ability to retain Cd is strongly diminished. Evidently, 
plant factors determine the partitioning of Cd between shoots and roots. 
In order to characterize these plant factors, shoot and root morphological parameters 
of the two main groups of inbred lines were studied (Chapter 6). Furthermore, Cd speciation 
in the xylem sap and the amounts of Cd adsorbed to the roots of these inbreds were 
investigated. No relationship between the morphological characteristics of either shoot 
(specific leaf area and leaf area ratio) or root (specific root length or specific surface area) 
and the Cd distribution pattern could be assessed. Equilibrium calculations of Cd speciation 
in xylem exudates revealed that less than 1% of the available Cd was transported in a 
complexed form, which shows the minor role of organic acids in Cd distribution. The 
amounts of Cd adsorbed to the roots of 'shoot Cd excluders' were about twice as high of 
those of the 'non-shoot Cd excluders'. The absence of a relationship between plant 
morphological parameters and Cd distribution, and the differences between both groups of 
inbreds in the relative and absolute amounts of Cd adsorbed, indicate that the differential Cd 
distribution among the inbreds may be related to the binding state of Cd inside and/or outside 
the roots and its distribution within the roots. 
To elucidate the Cd binding in the root system, different extraction procedures were 
used to discriminate between the Cd present in the roots in either a 'soluble' or an 'insoluble' 
pool (Chapter 7). The extractable amounts of Cd representing the soluble pool was about 50 
% lower in roots of the 'shoot Cd excluder' B73 compared to those of the 'non-shoot Cd 
excluder' H98, when both inbreds had similar total root Cd concentrations. Concentrations 
of acid-soluble thiol compounds, able to bind Cd at the thiol site, were also 50 % lower for 
'shoot Cd excluders' compared to 'non-shoot Cd excluders'. It is suggested that the Cd in 
the soluble pool is complexed to endogenous chelators, probably the acid-soluble thiol 
compounds and in particular the so-called 'phytochelatins'. Binding characteristics of Cd to 
structural root components (the 'insoluble pool') were similar for the two inbreds. 
In the final Chapter the results reported in the previous Chapters are integrated and 
discussed. Based on these results, a tentative model for the Cd distribution has been proposed 
in which representatives of the two main groups of inbreds are exposed to similar levels of 
Cd. In such case, higher amounts of Cd are adsorbed to the roots of the 'shoot Cd excluder' 
compared to the 'non-shoot Cd excluder'. Cadmium taken up is differentially immobilized 
and/or compartmentized (probably in the vacuole) in roots of both inbreds. In the roots of 
'shoot Cd excluders' more Cd is transported to the vacuoles compared to the 'non-shoot Cd 
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excluders'. In order to detoxify the internal free Cd-ions, phytochelatins (PC) are synthesized 
in the cytoplasm. Because the Cd concentration in the cytoplasm is different in the two 
inbreds, higher amounts of soluble Cd-PC complexes occur in 'non-shoot Cd excluders' 
compared to 'shoot Cd excluders'. These Cd-PC complexes are available for (symplasmic) 
transport to the xylem vessels. In the model, the differential transport of Cd from roots to 
shoots of both groups of inbred lines is therefore related to the different amounts of Cd-PC 
complexes in the soluble pool of roots of 'non-shoot Cd excluders' compared to 'shoot Cd 
excluders'. 
A special subject in this Chapter is the comparison of representatives of the maize 
inbred lines with three Dutch maize varieties. These preliminary results showed that the shoot 





Cadmium (Cd) is een element dat niet essentieel is voor het functioneren van een organisme. 
Het behoort tot de zogenaamde 'zware metalen' die te boek staan als milieu-
verontreinigingen. De belasting van de voedselketen door Cd na opname uit een 
verontreinigde bodem wordt in toenemende mate een bedreiging voor de gezondheid van de 
mens. Cadmium wordt gemakkelijk door de plant opgenomen, waarna het intern naar de 
verschillende plantedelen wordt getransporteerd. Ophoping in de voor menselijke consumptie 
geschikte plantedelen heeft tot gevolg dat dagelijks een hoeveelheid door het menselijk 
lichaam wordt opgenomen. Cadmium wordt in het lichaam gebonden aan metaal-bindende 
eiwitten en als zodanig door het lichaam uitgescheiden. Dit uitscheidingsproces verloopt 
echter zeer traag. Chronische blootstelling aan Cd kan daarom een reëel gevaar inhouden 
voor het functioneren van organen zoals lever en nieren. 
Er zijn verschillende mogelijkheden om de Cd belasting van de voedselketen terug te 
dringen. Vermindering en uiteindelijk stopzetten van het gebruik van (riool)slib en cadmium-
houdende kunstmest in de landbouw is een eerste mogelijkheid. Hierdoor wordt op termijn 
door uitspoeling of onttrekking de hoeveelheid Cd in de bodem verlaagd. Een tweede 
mogelijkheid is om actief de beschikbaarheid van Cd in de bodem te verlagen, bijvoorbeeld 
door een verlaging van de zuurgraad (dus een verhoging van de pH) van de bodem, waardoor 
de plant minder Cd kan opnemen. Een derde strategie kan gelegen zijn in het gebruik van 
plantesoorten die bij een verhoogde Cd concentratie van de bodemoplossing toch weinig Cd 
opnemen of die het opgenomen Cd voornamelijk in de wortel en/of niet eetbare delen 
vasthouden. Zowel tussen soorten als binnen één en dezelfde soort zijn verschillen in opname 
en interne verdeling van Cd gevonden. 
De laatst geschetste strategie ligt ten grondslag aan het in dit proefschrift beschreven 
onderzoek. De doelstelling was hierbij om de fysiologische en/of morfologische oorzaken van 
de verschillen in Cd opname en interne verdeling in een plantesoort te onderzoeken. Het 
onderzoek werd in eerste instantie aan sla verricht, terwijl na verloop van tijd overgestapt 
werd op mais. Beide soorten zijn van groot economisch belang in Nederland. De 
werkzaamheden werden zowel in de kas als in een klimaatkamer uitgevoerd. Daarbij werd 
gebruik gemaakt van al of niet verontreinigde grond en voedingsoplossingen. 
In het inleidende hoofdstuk wordt in vogelvlucht de mechanismen van Cd detoxificatie 
in de plant en het vermogen tot vastlegging in de wortelcel besproken. In Hoofdstuk 2 
worden de resultaten gepresenteerd van het onderzoek aan 16 sla variëteiten, een selectie uit 
het aanbod van verschillende (veredelings)bedrijven. In een potexperiment met Cd-
verontreinigde zandige grond afkomstig uit De Kempen (Zuid-Nederland), werden groei, 
opname en interne verdeling van Cd in de 16 variëteiten onderzocht. De uitkomsten werden 
vergeleken met planten die onder identieke omstandigheden op een niet-verontreinigde 
zandige grond waren geteeld. De groei en opbrengsten van de sla variëteiten afkomstig van 
de verontreinigde grond verschilden niet met die van de controle behandeling. Het door de 
plant opgenomen Cd werd in alle sla variëteiten voor het grootste gedeelte naar de 
bovengrondse delen getransporteerd. Hieruit blijkt dat een verhoogde Cd concentratie in de 
krop geen zichtbaar effekt op groei, ontwikkeling of verschijningsvorm van de plant hoeft 
op te leveren. In tegenstelling tot wat in de literatuur wordt gesuggereerd, werden geen grote 
verschillen in de Cd concentratie van de spruit bij de 16 variëteiten gevonden. Daarom werd 
het oorspronkelijk gepubliceerde onderzoek in detail herhaald, omdat een groot verschil in 
spruit Cd concentratie een beginvoorwaarde is voor gedetailleerd fysiologisch onderzoek 
dienaangaande. Echter, de uitkomsten van het hernieuwde experiment toonden onomstotelijk 
aan dat verschillen in Cd verdeling in sla marginaal waren. 
In een poging om de opname en verdeling van Cd in sla te beïnvloeden door de 
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aangeboden stikstofvorm, werden sla variëteiten geteeld op voedingsoplossing waarin stikstof 
(N), een essentieel macronutriënt, als ammonium-stikstof (NH4-N) of als nitraat-stikstof 
(NO3-N) werd aangeboden (Hoofdstuk 3). Het is algemeen bekend dat opname van NH4-N 
door de plant vergezeld gaat met een verzuring van het groeimedium. Opname van N03-N 
veroorzaakt juist dat het medium basisch wordt. Omdat pH schommelingen grote invloed 
kunnen hebben op de opname van Cd uit het groeimedium werd de zuurgraad van de 
oplossingen in de experimenten constant gehouden op een gewenste waarde met behulp van 
een automatische titratie opstelling. In het gepresenteerde onderzoek werden 4 sla variëteiten 
gebruikt die zoveel mogelijk verschilden in de verdeling van opgenomen Cd en die tevens 
verschillend reageerden op de vorm waarin stikstof wordt toegediend. Het bleek dat de vorm 
waarin de stikstof aan de plant werd aangeboden geen invloed had op de verdeling van het 
opgenomen Cd. Tevens werd gevonden dat redistributie van Cd van de spruit naar de wortel 
nauwelijks een rol speelt bij de Cd verdeling. Voor alle variëteiten gold dat NH4-voeding de 
Cd concentratie in de plant verhoogde in vergelijking met N03-voeding, wat niet te wijten 
was aan een verschil in groeisnelheid. Vermoedelijk heeft de vorm waarin de stikstof aan de 
plant wordt aangeboden een direkte invloed op de opname van het Cd-ion door de wortel. 
Sla neemt over het algemeen preferentieel NH4-N boven N03-N op uit een gemengde 
oplossing. Hierdoor wordt in de veldsituatie de pH van de bodem verlaagd, waardoor de 
beschikbaarheid van Cd voor opname door de plant verhoogd wordt. Uit dit experiment blijkt 
dat de vorm waarin stikstof wordt opgenomen naast een indirekt positief effect op de Cd 
beschikbaarheid tevens een direkt positief effect op de Cd opname heeft. Dit kan van groot 
belang zijn bij de evaluatie van de teelt van sla in de volle - Cd-verontreinigde - grond. 
Evenals voor sla variëteiten zijn in de literatuur ook voor inteeltlijnen van mais grote 
verschillen in Cd concentratie in de bovengrondse delen gemeld. Een groot aantal van de 
toenmaals gebruikte inteeltlijnen werd opgekweekt op Cd-verontreinigde en niet-
verontreinigde grond (Hoofdstuk 4), zoals gebruikt in het sla onderzoek (Hoofdstuk 3). 
Tegelijkertijd en onder identieke omstandigheden werden de inteeltlijnen opgekweekt in 
voedingsoplossing waaraan Cd in verschillende concentraties was toegevoegd. In beide 
experimenten werden grote verschillen in Cd concentratie in de spruit tussen de verschillende 
inteeltlijnen gevonden. Wanneer de inteeltlijnen gerangschikt werden op grond van de Cd 
concentratie in de spruit van hoog naar laag, werd voor beide groeimedia een zelfde rangorde 
gevonden. Uit het experiment op voedingsoplossing werd duidelijk dat niet de 
opnamesnelheid van Cd, zoals in de literatuur werd gesuggereerd, het verschil in concentratie 
in de spruit veroorzaakte, maar dat de verdeling van het opgenomen Cd over wortel en spruit 
bij de inteeltlijnen verschilde. Op grond van deze Cd verdeling konden de meeste inteeltlijnen 
in twee groepen worden ondergebracht. De eerste groep had een lage Cd concentratie in de 
spruit, maar een hoge concentratie in de wortel, de zgn. 'shoot Cd excluders', terwijl de 
tweede groep een ongeveer gelijke Cd concentratie in zowel spruit als wortel had ('non-shoot 
Cd excluders'). Zink, een micronutriënt dat essentieel is voor de plantegroei en chemisch 
gerelateerd aan Cd, liet een verdelingspatroon zien dat voor alle inteeltlijnen min of meer 
gelijk was. Het verschil in het verdelingspatroon van beide elementen benadrukte nog eens 
het specifieke karakter van de Cd distributie in de maisplant. 
In het vijfde hoofdstuk wordt verslag gedaan van het onderzoek naar het effect van 
externe factoren, pH en Cd aanbod, op de opname en verdeling van Cd bij representanten 
van beide groepen inteeltlijnen. Hierbij stond met name de consistentie in het 
verdelingspatroon in afhankelijkheid van de genoemde externe factoren centraal. Uit het 
onderzoek bleek dat de Cd verdeling bij de inteeltlijnen consistent bleef en onafhankelijk was 
van de geteste externe factoren. Er kon een positief lineair verband gelegd worden tussen de 
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Cd concentratie in de spruit en die in het xyleemsap (de transportvloeistof tussen wortel en 
spruit) hetgeen opnieuw de te verwaarlozen rol van Cd redistributie in het proces van Cd 
verdeling benadrukte. Het bleek dat de wortel de Cd verdeling in de plant reguleert via het 
al of niet vasthouden van het element in dit orgaan. Boven een 'kritische' Cd concentratie 
in de wortel, specifiek voor de betreffende inteeltlijn, vermindert het vermogen om het Cd 
in de wortel te houden zeer sterk en vindt verhoogd transport naar de spruit plaats. In het 
onderzoek werd derhalve duidelijk dat niet de externe factoren van invloed zijn op de Cd 
verdeling in de plant, maar dat dit proces genetisch is vastgelegd en gereguleerd wordt door 
processen in the wortel. 
In een poging deze processen te karakteriseren, werden morfologische parameters van 
spuit en wortel onderzocht in relatie tot de Cd verdeling (Hoofdstuk 6). Tevens werd ruime 
aandacht gegeven aan zowel de speciatie van Cd in het xyleemsap, met het oog op zowel een 
eventueel versneld Cd transport door complexvorming, als aan de binding van Cd aan de 
wortel. De resultaten toonden aan dat er geen relatie bestaat tussen de morfologische 
parameters van spruit of wortel en de Cd verdeling in de plant. Het lage percentage Cd dat 
gecomplexeerd was met organische zuren kon eveneens geen verklaring geven voor de 
verschillen in verdeling tussen de twee groepen inteeltlijnen. Wel werd een verschil gevonden 
met betrekking tot de bindingscapaciteit aan de celwanden van de wortel. De 'shoot Cd 
excluders' waren in staat om ongeveer twee keer zo veel Cd aan de wortel te binden in 
vergelijking met de 'non-shoot Cd excluders'. De afwezigheid van een verband tussen 
morfologische parameters en de Cd verdeling in samenhang met de verschillen tussen beide 
groepen inteeltlijnen wat betreft de relatieve én absolute hoeveelheid Cd adsorptief gebonden 
aan de celwanden, kunnen wijzen op een verschil in bindingsmogelijkheid en/of - capaciteit 
van Cd aan en/of in de wortel bij de twee groepen inteeltlijnen. 
Met behulp van verschillende extractieprocedures werd het Cd in de wortel van de 
'shoot Cd excluder' B73 en de 'non-shoot Cd excluder' H98 gescheiden in twee fracties, een 
oplosbare fractie en een fractie met structureel celmateriaal en het daaraan gebonden Cd 
(Hoofdstuk 7). De externe Cd concentratie werd zodanig gekozen, dat een gelijke Cd 
concentratie in de wortel van beide inteeltlijnen verkregen werd. De aard van de binding van 
Cd aan het structureel wortelmateriaal was voor beide inteeltlijnen gelijk. De hoeveelheid Cd 
gebonden aan celcomponenten was groter voor de 'shoot Cd excluder' dan voor de 'non-
shoot Cd excluder'. De Cd hoeveelheid in de oplosbare fractie na extractie was 50 % lager 
bij de wortels van de 'shoot Cd excluder', vergeleken met de 'non-shoot Cd excluder'. 
Concentraties van zuur-oplosbare thiol verbindingen, waaronder metaal-bindende polypeptides 
(phytochelatinen), waren eveneens 50 % lager in de 'shoot Cd excluder' in vergelijking met 
de 'non-shoot Cd excluder'. Het is meer dan waarschijnlijk dat de Cd in de oplosbare fractie 
gecomplexeerd is met endogene chelatoren, namelijk metaal-bindende polypeptides, waardoor 
het niet toxisch is voor het metabolisme. 
In het laatste Hoofdstuk worden de resultaten uit de voorgaande hoofdstukken 
geïntegreerd en bediscussieerd. Gebaseerd op de huidige resultaten werd een model 
opgesteld. In dit model wordt een 'shoot Cd excluder' en een 'non-shoot Cd excluder' 
blootgesteld aan een gelijke externe Cd concentratie. Het aangeboden Cd wordt verschillend 
gebonden aan de wortels van beide inteeltlijnen; de 'shoot Cd excluder' bindt meer Cd aan 
de wortel dan de 'non-shoot Cd excluder'. Het opgenomen Cd wordt in de cel 
geïmmobiliseerd en/of gecompartimenteerd (mogelijk in de vacuole). In het model wordt 
verondersteld dat 'shoot Cd excluders' meer Cd intracellulair vastleggen dan 'non-shoot Cd 
excluders'. De overgebleven vrije Cd-ionen in het cytoplasma induceren het enzym 
phytochelatine synthase. De gesynthetiseerde phytochelatinen vormen complexen met Cd en 
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blijven in opgeloste vorm in het cytoplasma aanwezig. 'Non-shoot Cd excluders' hebben een 
hogere concentratie aan Cd-phytochelatine complexen in het cytoplasma van de wortelcel in 
vergelijking met 'shoot Cd excluders'. Het verschil in mobiliteit van Cd in de wortelcel door 
de verschillende hoeveelheden opgeloste Cd-phytochelatine complexen in het cytoplasma kan 
een mogelijke verklaring zijn voor het verschil in Cd verdeling tussen de twee groepen 
inteeltlijnen. 
In Hoofdstuk 8 worden tenslotte resultaten gepresenteerd van een voorlopig onderzoek 
naar Cd concentraties in de spruit van 3 Nederlandse maisrassen; deze werden vergeleken 
met de mais inteeltlijnen. Deze planten waren alle gekweekt op Cd-verontreinigde grond 
onder gelijke externe omstandigheden. Het bleek dat de Cd concentratie in de spruit van de 
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